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"Storage phosphors" are a class of material that are able to retain an image of 
different types of ionising radiation for a considerable period of time, and then be 
induced to release that image when required. When exposed to high energy radiation, 
electrons and holes are created within the material which are trapped at defect sites in 
the crystal lattice. Upon stimulation at a later time by heat or light, the electrons and 
holes can be made to recombine radiatively. However, the precise mechanism behind 
this behaviour is still not fully understood. In this thesis, results are presented from 
measurements of the emission and excitation spectra, the photo- and thermally 
stimulated luminescence (PSL and TL) and the short-time kinetics of the 
luminescence that were carried out to probe the storage and stimulation processes in 
these materials. 
Samples based on the barium fluorobromide (BaFBr) host lattice were 
prepared in a pure form and doped to 0.5mol% with KF, KBr, SrF2, SrBr2 and with 
several rare earth chlorides (EuC1 2, LaC13, CeC13 and SmC13). Compounds with 
stoichiometric variations on the pure and europium doped barium fluoroiodide 
(general formula BaFI 1 ..(:Eu2 ) where x = 0, 0.25, 0.50, 0.75 or 1) were also 
synthesised. In addition, the alkali halides NaBr, KBr and RbBr were doped with 
approximately 0.5mol% of both EuC12 and InCl. 
Emission generally occurred at wavelengths between 360nm and 450nm for 
these materials. None of them had room temperature emission bands that were as 
intense and narrow as that of BaFBr:Eu 2 , because they do not have electronic 
transitions that are so closely matched to the electron/hole recombination energy as 
the 4f 6  Sd' -* 4f 7  transition in Eu2 . TL glow curves showed a broad high 
temperature peak which arose as a result of charged defect migration and a variety of 
lower temperature peaks that were due to recombination from defect states within the 
band gap. The F(F) centre was matched to the glow curve peak at 400K and the 
F(Bf) centre to the lower temperature peak at 370K in a variety of mixed 
stoichiometry BaFBr-type compounds. It was also observed that a small amount of 
oxygen within the lattice appeared to enhance the intensity of a couple of the low 
temperature glow curve peaks, but too much oxygen had the opposite effect and 
these peaks were quenched. 
The time dependence of the intensity of PSL at timescales of the order of 100 
- 6000 seconds was found to obey a power law decay from lOOK to 3 00K. This could 
be modelled using random walk kinetics for the migration of the charged defect 
species. Upon irradiation and photostimulation at low temperatures an increase in the 
initial intensity of the luminescence and of the magnitude of the gradient of the linear 
plot was observed. This suggested that more charge was stored at low temperatures 
and that new photostimulable centres were able to form more easily. 
On a nanosecond timescale, the rise of the PSL was observed for BaFX:Eu 
materials, where X = Cl, Br and I. It appeared that the rise lifetime increased, but that 
the PSL lifetime decreased as the size of the halide ion increased. At present BaFI:Eu 
is the most suitable material to use for further work with this technique, but 
refinements are needed to improve the signal-to-noise ratio in this experiment before 
trends can be conclusively analysed. 
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CHAPTER 1 
INTRODUCTION TO STORAGE PHOSPHOR 
MATERIALS 
Storage phosphors are materials that can be used to detect X-rays and other forms of 
ionising radiation. In medical radiography [1] or X-ray diffraction experiments [2,3] 
they are able to replace conventional silver iodide photographic plates to record 
diagnostic or quantitative X-ray images, and they can also find uses in many 
dosimetric applications: as detectors in nuclear installations; in quality control 
processes [4] where radiation is commonly used as a means of checking the 
consistency of manufacturing parameters (for example the uniformity of the 
thickness of sheets produced by a paper mill); or in data storage [5] for optical 
read/write processes. 
Scintillating materials have been used as detectors for radiation for many decades. It 
was through the search for new and improved scintillators that storage phosphors 
were discovered. Scintillators convert ionising radiation directly into visible light, so 
that when the radiation source is removed the emission of light from the scintillator 
ceases immediately. As new materials were investigated, some were seen to have an 
extended afterglow after exposure to radiation had ceased [6], which made them 
useless as scintillators. Instead of directly converting the energy from the ionising 
radiation into visible light, these materials store part of the absorbed energy within 
the material and require optical or thermal stimulation to release this energy. 
Luminescence then occurs in the same way as in scintillators. The name for this class 
of materials - storage phosphors - therefore derives from the fact that these materials 
are able to store for an extended period of time within their crystal lattice an image 
which can, under the correct conditions, be retrieved through the emission of a type 
of luminescence known as phosphorescence. 
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It is generally accepted that exposure to sources of ionising radiation is damaging to 
health and most probably leads to cancer if absorbed in high doses by body tissue. It 
is therefore necessary to be able to quantify even the smallest dose of radiation that is 
received by people. In scientific research also, different forms of radiation have 
become important analytical tools and, in particular, X-rays are commonly used to 
probe crystal structures in diffraction experiments. One of the first ways in which 
storage phosphor technology was applied was in medical X-ray imaging. To date it 
has been conventional photographic film which has been used to record X-ray 
images; apiece of photographic film is darkened permanently' on exposure to X-rays 
and after processing becomes a hard copy of the area that was being studied. 
However in 1983 a two dimensional X-ray imaging system was introduced based on 
the use of the storage phosphor barium fluorobromide doped with a small percentage 
of europium (BaFBr:Eu 2 ) as the X-ray detector [1]. Companies such as the Fuji 
Corporation and Eastman Kodak have commercially developed this material [7] to 
make "imaging plates" available at a cost of approximately £500 each. The 





	 Supporting layer 
Phosphor layer 
Fig. 1.1 	Construction of an imaging plate 
In addition to X-rays, storage phosphor imaging plates can be used to detect other 
forms of ionising radiation such as a, 3 and y  rays or UV light. Neutrons can also be 
detected if a "sensitiser" plate is placed in front of the storage phosphor imaging 
'This darkening is due to the reduction of silver cations to silver atoms (Ag + e -* Ag). 
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plate. Arrangements such as depositing the storage phosphor powder on gadolinium 
foil [8,9], using a powder mixture of the phosphor with LW [10,11] or Li 2CO3 [11] or 
a mixture of Gd203 with the storage phosphor material [9] have all been reported to 
work successfully to extend this technology to detecting neutrons. 
The key property of the storage phosphor system compared to scintillator materials is 
its ability to "store" a recorded image allowing read-out at a convenient later time. 
The efficiency of the storage process depends on several factors such as the 
temperature at which the storage phosphor is kept (a cool temperature is best) and the 
amount of light present during storage (only a complete absence of light will prevent 
leakage of the signal). The new system also offers advantages over conventional 
photographic film: it has superior sensitivity, mainly because detection of light 
intensity using a photomultiplier tube is highly sensitive; it operates over a wider 
dynamic range (which means that it has a linear response to the dose applied over 
several magnitudes of order) and, increasingly important in today's political climate, 
it is environmentally friendly. The materials are reusable after thermal bleaching up 
to several thousand times. In addition the luminescence intensity maps obtained upon 
stimulation of the imaging plate can be stored as a digital images which are easy to 
manipulate and archive as files on personal computers (PCs). 
The storage phosphor imaging system is not however without its disadvantages and 
two of the most significant ones are that the resolution is not as fine as that obtained 
using photographic film, due to the width of the laser beam (-20.tm), and that the 
stored information fades with time and may fade even during the course of the 
recovery of the information by light stimulation. 
In industry, much research activity has been focused on incorporating these materials 
into radiation detection systems. However for academics, several fundamental 
questions still hang in the air. Many papers have been published (which are discussed 
in detail in Chapter 2) suggesting mechanisms for the storage and stimulation process 
and refinements to these mechanisms, but no universally accepted theory has yet 
been established. The material which has been commercially exploited is 
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BaFBr:Eu2 , and researchers have found it very difficult to improve upon the good 
storage stability and high stimulated luminescence intensity which this material 
exhibits. However, it is not entirely clear why this material should perform so well, 
even compared to chemically close relatives. If it was known more precisely why 
barium fluorobromide worked so efficiently and in the way that it does, it may be 
possible to design storage phosphors for specific purposes: to optimise the material 
to the type of radiation that is to be detected; to be able to control the signal stability; 
and to maximise the intensity of the luminescence emitted by stimulating at the 
optimum frequency. 
Most research to date has been conducted in a fairly haphazard manner - materials 
have almost been picked out of a hat to see if they work as storage phosphors. 
Materials discovered in this way range from those with very simple structures (such 
as KBr:In [12,13], RbI:Tl [14] and RbBr:Tl [15]) to more complicated structures 
such as Ba5 SiO4Br6 :Eu2 [16] and Ba3(PO4)2 :Eu2 ,La3 [17]. It was decided that we 
would attempt to look at storage phosphor materials in a more systematic manner; to 
study the effect of subtle changes to the composition of well known storage phosphor 
systems, and relate their performance to the chemical character of the host materials 
and the dopant ions. 
The next chapter follows on from this general introduction to discuss in greater detail 
the theory behind the storage of an image in storage phosphor materials after 
exposure to radiation, and the reading of this image through measuring the intensity 
of the luminescence emitted as a result of red light stimulation. Chapter 3 discusses 
the chemical composition of the materials that were studied in this project and details 
their preparation and Chapter 4 is a description of the apparatus that was assembled 
and then used to investigate the response of the materials to different storage and 
stimulation conditions. A chapter is devoted to each physical experiment that was 
carried out to probe the behaviour of the storage phosphors: a discussion of the 
excitation and emission spectra is undertaken in Chapter 5; thermally stimulated 
luminescence is probed through glow curve measurements in Chapter 6; the kinetics 
of photostimulated luminescence at medium to long times (>ls) is investigated in 
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Chapter 7; and the very short time behaviour (<lts) of the luminescence is looked at 
in Chapter 8. A description of each experiment is provided at the beginning of the 
appropriate chapter. Finally, Chapter 9 ties together the results from all the 
experiments carried out for this thesis and discusses briefly the potential for further 
investigations in this field. 
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CHAPTER 2 
THEORY OF STORAGE AND STIMULATION 
It has been established that storage phosphor materials are able to convert energy 
from ionising radiation into visible light, involving a unique intermediary storage step 
that makes these materials useful for a variety of applications. This chapter discusses 
the properties that these materials possess which makes it possible for them to do this 
efficiently. 
For the purposes of this discussion, barium fluorobromide doped with a small 
percentage of europium (i.e. BaFBr:Eu 2 ) will be used as a specific example. This is 
the material that was originally used by the Fuji Corporation and Eastman Kodak in 
the commercial development of their imaging plates and at present it appears to give 
the best performance - it exhibits relatively good signal stability when stored at room 
temperature in the dark, and it gives a high intensity of stimulated luminescence 
compared to other storage phosphor materials. It has been very widely studied and 
many papers have been published investigating its storage and stimulation properties 
in addition to studies of its response to techniques such as Electron Paramagnetic 
Resonance (EPR) and Photoacoustic-spectra investigations [1]. Other materials that 
are known to behave as storage phosphors will be discussed at the end of the chapter. 
2.1 The Crystal Structure of BaFBr 
Barium fluorobromide belongs to the large family of materials which have the general 
formulae MFX (where M = Ca, Sr, Ba, Pb and X = Cl, Br, I) or MOX (where M = La 
and X = Cl, Br, I). These materials have the tetragonal Matlockite crystal structure 
(space group P4/nnim; 134h [2, 3]) which is shown in Fig. 2.1. In BaFBr this is a 
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layered structure with a double row of Br - anions between planes of barium cations 
and fluoride anions, arranged in the order depicted by the following repeating unit: 
[F—Ba2 —B r—Br—Ba2 —F] 
The tetragonal unit cell has a height along the c axis almost twice the magnitude of 
the square base on the ab plane (in BaFBr: a = b = 4.5 lÀ, and c = 7.44 A [2]). 
Z----,  
• Br • F  
• 
Fig. 2.1 	The BaFBr crystal structure (Matlockite) with the unit cell edges 
picked out in black. 
In the case of europium-doped barium fluorobromide, BaFBr:Eu 2 , direct substitution 
of the europium ion onto a barium site is possible because of the similarity in their 
ionic radii and charge. The relevant ionic radii are given in Table 2. 1, overleaf. 
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Table 2.1 	Ionic radii of the constituents of BaFBr:Eu 2  141 
Crystals of BaFBr have a plate-like form and may be cleaved easily into thinner 
planes, with planes running perpendicular to the direction of the c axis. This is 
associated with weak interplanar compared to intraplanar bonding [2, 5]. 
2.2 Defects in Crystal Lattices 
Crystal lattices, such as that displayed in Fig. 2. 1, are conventionally drawn showing 
the materials to have perfectly ordered cations and anions. However, over an 
extended crystal structure this is unlikely to be an accurate picture due to the tendency 
for a system to maximise its entropy according to the Third Law of Thermodynamics. 
This drive to increase the disorder in a crystal manifests itself in the form of defects 
throughout the lattice. Defects lead to a break in the regular periodicity of the crystal 
lattice and to a perturbation of the electronic structure. 
Defects may be of two kinds: extended defects which are evident over a relatively 
large region of the crystal (such as dislocations or grain boundaries between 
crystallites), or point defects which involve only a single lattice site or a small cluster 
of such sites. Examples of point defects are lattice vacancies or interstitial species, 
shown in Fig. 2.2. Defects are also commonly categorised as extrinsic or intrinsic. 
Impurities and dopants which may occupy substitutional or interstitial positions in the 
crystal lattice fall into the extrinsic category, while defects such as dislocations in the 
9 
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crystal or vacancies in the lattice (which do not involve any atoms other than those of 
the host lattice) are known as intrinsic. 
Some of the simplest and most common point defects in crystals are the Frenkel and 
Schottky defects, which are shown in Fig. 2.2 [6]. The Schottky defect consists of 
both a cation and an anion vacancy, or a formula unit in compounds which do not 
have 1:1 stoichiometry (e.g. in CaF 2 the Schottky defect corresponds to a Ca 2 
vacancy and two F vacancies). The Frenkel defect is a vacancy on either a cation or 
an anion site balanced by an interstitial elsewhere in the crystal of the same ion. Both 
Schottky and Frenkel defects maintain the overall neutrality of the crystal. 








00   
G ®00   
0000   
Ge 0 
0000   
Frenkel defect 
Fig. 2.2 	Simple point defects: the Schottky defect - a cation and an anion 
vacancy, and the Frenkel defect - a vacancy balanced by an 
interstitial. 
In non-metallic solids, the introduction of defects has important consequences for the 
electronic properties of the crystal. Defects and impurities introduce additional 
electronic energy levels within the band gap and these can affect the electrical 
conductivity of the material. Fig. 2.3 shows where these energy levels may occur and 
illustrates a few of the electronic processes which they are able to support. 
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Valence Band 7 / / / / / / 
(a) 	(b) 	(c) 	(d) 	(e) 
Fig. 2.3 	Defect energy levels in the band gap: extra (a) electrons and (b) 
holes in the conduction and valence bands respectively; defect 
levels close to the band edges providing free (c) electrons and (d) 
holes by thermal or optical excitation; and (e) transitions between 
localised defect levels within the band gap. 
When the number of electrons in the conduction band or holes in the valance band is 
increased, the conductivity of the solid will increase due to the mobility of the charge 
within the band, as shown in (a) and (b). This situation arises in antimony-doped tin 
dioxide, or in NaW03 where x> 0.3. Another possibility is if a small percentage of 
defects in the crystal lattice are introduced at energy levels close to the band edges 
((c) and (d)) so that electrons and holes become trapped at these states. In this 
situation the energy difference between the trap and the band edge is small enough to 
allow thermal or optical energy to excite the trapped charge into the band and hence 
increase the conductivity of the material. The final situation (e) is where the defect 
levels are further from the band edges so that trapped charge cannot be excited 
thermally at normal temperatures. In this case, however, low-lying excited states are 
found that can be reached via optical excitation. 
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2.3 Charge storage and stimulation in the storage phosphor 
BaFBr:Eu2 
Storage phosphor materials are electronic insulators which have a large difference 
between the energy level of the top of the valence band and the bottom of the 
conduction band, i.e. a wide band gap. In inorganic materials this wide band gap can 
accommodate the electronic energy levels of defect species, and these bring about a 
variety of the electronic properties of the materials. Barium fluorobromide (BaFBr) is 
an electronic insulator with a band gap of 8.3eV. 
Semiconductors have smaller band gaps, ranging from a maximum of 1 - 2eV down to 
0.1 eV. These values are small enough for the thermal energy present at room 
temperature to excite electrons in the valence band across the band gap and into the 
conduction band. Metals have no gap between the highest occupied electronic level 
and the lowest unoccupied electronic level, and so neither metals nor semiconductors 
with small band gaps are suitable storage phosphor materials for use at ambient 
temperatures. 
When BaFBr:Eu2 is hit by high energy radiation (such as X-rays), electrons are 
excited from the valence band into the conduction band. As a result, an equal number 
of holes are created in the valence band. A fraction of these electron/hole pairs will be 
trapped by defect species in the crystal that have energy levels within the band gap. 
The electron traps in BaFBr:Eu 2 lie approximately 2.0eV below the bottom of the 
conduction band. In the absence of light, the charge trapped at these defect sites will 
in general be stable because there is only a low probability that the thermal energy 
present at room temperature will be able to excite the electrons or holes out of these 
traps. However, visible light in the red region of the spectrum, with a wavelength of 
approximately 600nm (2eV) does have sufficient energy to excite these electrons and 
holes out of the defect trap sites. Red light stimulation results in recombination of the 
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wavelength of about 400nm. The light emitted during this process is called 
photostimulated luminesence (PSL). This process is shown schematically in Fig. 2.4. 
) Storage Process 
> Stimulation Process 
Fig. 2.4 	A simplified schematic representation of the electronic energy 
levels in BaFBr:Eu 2 (band gap diagram) involved in the 
production, storage and stimulation of charge. 
A similar process will occur if the material is heated above room temperature, as the 
thermal energy may also detrap some of the stored electrons. This results in thermally 
stimulated luminescence, more commonly referred to as thermoluminescence (TL). 
This is described in greater detail in Chapter 6. 
The storage and stimulation processes in inorganic storage phosphor materials 
therefore depend upon the concentration of the defects contained within the crystal 
lattice and the energy levels that they occupy relative to the valence band (VB) and 
conduction band (CB) edges. 
2.4 Defects found in BaFBr:Eu 2 
The defects found in BaFBr:Eu2 which play an important role in the mechanism of 
charge storage and stimulation are point defects involving both the cations and the 
anions. The predominant types of defects are believed to be F centres, Vk centres and 
oxide impurities. 
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2.4.1 F centres 
F centres are formed when an electron is trapped at a vacancy on an anion site. The 
name "F centre" comes from the German word "farbe" which means colour, and this 
gives an indication of one of the most striking ways in which the presence of  centres 
in a material can be detected. The optical absorption band of the trapped electron is 
often found in the visible region of the spectrum so materials that contain F centres 
often have a coloured appearance. F centres are extremely important in a variety of 
materials and have been widely studied and well documented for the alkali halides in 
particular [7]. F centres are also commonly found in barium fluorobromide and it does 
not seem unreasonable to assume that properties typical of F centres in alkali halides 
will translate to the mixed alkaline earth halides. 
A close relative of the F centre in alkali halides is the F centre in oxide materials [8], 
where a divalent oxygen anion vacancy traps a single electron. Other variations 
include the F' centre [8], where two electrons are trapped at the anion vacancy 
(although this centre is stable only at temperatures below 100K), the FA centre [8], 
which is an F centre with an adjacent cation impurity and a variety of centres formed 
from aggregations of  centres (for example, a cluster of two F centres is known as an 
M centre, three is called an R centre and four an N centre [8, 9]). Some of these 
defects are illustrated in Fig. 2.5. 
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F 
• Monovalent cation impurity 
Fig. 2.5 	The F centre point defect and related species in alkali halide 
materials. 
An F centre, with its solitary electron bound by the local positive charge of the 
surrounding cations, can be thought of simplistically in terms of the "particle in a box" 
model for quantised translation energy. In this model the energy E of an electron in 
the Wh translational quantum state is given by Eq. 2.1: 
E 	
n 2  h 2 
- 8ma 2 
(2.1) 
where a is the length of the one-dimensional region, m is the mass of the electron and 
h is Planck's constant. The wavefunctions for the first few energy levels are illustrated 
in Fig. 2.6 (a). From this equation it can be seen that as the length of the box 
decreases the energy levels will become more widely spaced, E being proportional to 
1/a2 . The energy of the excited states of the F centre will therefore depend on the cell 
parameters for this crystal lattice. One assumption of this model is that the potential 
well has infinite sides. Clearly the potential governing the electron in the anion 
vacancy is finite and so the particle in a box is not an adequate description of the 
system. Fig. 2.6 (b) illustrates a more realistic "harmonic potential well" model for the 
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treatment of the F centre and the approximate distribution of the wavefunctions for 
the first few energy levels. It can be seen that wavefunctions have a finite probability 
outside the region of the potential well. The excited state orbital is much more diffuse 
than the ground state orbital and, as a result, the lattice ions feel the potential of the 
vacancy more strongly when the electron is in its excited state, and relax their 
positions accordingly. 
Energy 
(a) 	 (b) 
Fig. 2.6 	The ground and first excited state wavefunctions of an F centre 
electron represented by (a) the particle in a box model and (b) a 
more realistic harmonic potential. 
One of the effects of introducing the harmonic potential and the associated diffuse 
nature of the electron is that the energy levels of the excited electronic states are 
found to be proportional to a' 7, rather than a7 2  as was predicted from the simple 
particle in a box model (Eq. (2.1)) [6]. This expression is known as the Mollwo-Ivey 
rule. 
The harmonic potential well model suggests analogies with the hydrogen atom, and 
the excited state energy levels of the F centre are often labelled in a similar way; Is 
represents the ground state and 2s, 2p... is used for the excited electronic energy 
levels. Due to lattice relaxation following a transition of the electron from the is into 
the 2p state, this notation is often modified so that the relaxed excited state becomes 
labelled as the 2p  level. 
The Frank-Condon principle states that because electronic transitions occur on a 
much faster timescale than nuclear transitions, the internuclear distance will not -be 
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altered significantly during an electronic transition. This means that electronic 
transitions can be drawn as vertical lines on potential energy curves. This is illustrated 
in Fig. 2.7 which shows a plot of energy E against the spatial arrangement of the 
atoms in the material, which is known as the configurational coordinate, Q. 
Fig. 2.7 shows the potential energy curves for the electronic transitions following 
absorption of a quantum of energy by the F centre electron. When energy is absorbed 
in the F band, according to the Frank-Condon principle, electronic excitation will 
accompanied by vibrational excitation. The vibrational energy is quickly lost to the 
lattice and any radiative relaxation is likely to occur from the ground vibrational level. 
As can be seen from Fig. 2.7, this is at a lower energy than the absorption; the 
difference in energy between the absorption and emission wavelengths is called the 
Stokes shift. 
The vibrational excitation of the electron in the excited state accounts for the broad 
band stimulated emission that is typically seen from F centres. This broadens with 
increasing temperature because of the thermal population of additional vibrational 
levels in the ground electronic state. The change in equilibrium geometry between the 
ground and excited states indicates that the distribution of the electron must be 
different in the excited state. This agrees with the quantum mechanical calculations 
using the harmonic potential well that showed the excited state to have a more diffuse 
wavefunction. 
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Fig. 2.7 	Potential energy curves for ground (g) and excited (e) states, 
showing the origin of the Stokes shift between absorption and 
emission spectra. 
In barium fluorobromide two types of F centre can be found; those associated with a 
vacancy on the fluoride site (written as F(F)) and those resulting from a vacancy on 
the bromide anion site (F(Br)). The stimulation spectrum for BaFBr:Eu 2 corresponds 
closely to the F band absorption spectrum [10, 11] and so it has been accepted that 
during irradiation, electrons liberated into the conduction band will be trapped at F 
centre sites within the barium fluorobromide lattice. It has been postulated that the 
photo stimulation mechanism is only associated with the F(Bf) centres, the F(F) 
centre electrons being too deeply trapped to be excited by red light [9]. Both types of 
F centre will be created during irradiation but, because it is the F(Bf) centres which 
are photo stimulable, the effect of filling the F(F) centres only appears to be to reduce 
the number of photostimulable F(Bf) centres. 
2.4.2 Self-trapped holes (Vk centres) and H centres 
In ionic crystals, the Vk centre is also common. This centre is a hole trap and involves 
a hole being shared between two adjacent halide ions in the crystal which have, as a 
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result of the reduced electrostatic repulsion, moved towards each other slightly. It is 
therefore often referred to as a halide molecular ion and written X 2 . In BaFBr:Eu2 it 
is possible to form four types of Vk centre: the in-plane Br 2 species; the out-of-plane 
Br2 species; the F2 species; and the mixed FBf molecular ion. In alkali halides, the Vk 
centre is usually oriented along the closest-packed row of halogen ions [8], and in a 
similar way the most stable type of Vk centre in BaFBr has been calculated to be the 
"out of plane" Bri defect [3], formed from two bromide anions from adjacent planes 
in the matlockite structure. As can be seen in Table 2.2, the energy of formation is 
indeed lowest for this out-of-plane Br 2 centre [3, 12]. 
Yk Defect Species 	Formation 
	
Distance 	Distance 
Energy, 	between ions in 	between ions in 
EF/eV crystal! A Yk centre! A 
F2 11.21 3.19 2.02 
Br2 (in plane) 8.14 4.51 3.13 
Br2 (out of plane) 7.14 3.89 2.92 
FBr 	 8.53 	 3.45 	 2.58 
Table 2.2 	Energy of formation for Vk centres in barium fluorobromide 
It is also apparent from Table 2.2 that during Vk centre formation, a relaxation of the 
ions in the defect centre takes place. When a reduction in the interatomic distance 
between the ions involved in the Vk centre takes place, the surrounding atoms also 
undergo a movement, generally away from the Vk centre, as shown in Fig. 2.8. 
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Fig. 2.8 	A sketch of the relaxation of lattice ions associated with the 
formation of the out-of-plane Br2 Yk  centre in BaFBr. The 
magnitude of these displacements are of the order of io'A [3]. 
Out-of-plane Br2 Vk centres have been observed in BaFBr:Eu 2 by EPR 
measurements at 77K [13], but were also shown to decay upon warming the crystal to 
room temperature. The Vk centre may have a more significant role to play at low 
temperatures, but it would appear from these measurements that it is certainly not the 
room temperature hole trap. 
Another defect that is closely related to the Vk centre is the H centre. The H centre is 
an example of a split interstitial, and consists of a hole shared between an interstitial 
and a lattice halogen ion so it may also be thought of as a X 2 molecular ion. Similarly 
to the Vk centre, the H centre is also found along the close packed row of anions and 
it is created at low temperatures by exposure to ionising radiation [8]. 
The Vk centre and the H centre are illustrated in Fig. 2.9 (in a similar way to the F 
centres in Fig. 2.5), together with the oxide impurity which will be discussed later in 
the chapter. 
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Fig. 2.9 	The Vk centre, H centre and oxide impurity centres in an alkali 
halide host lattice. 
2.4.3 Doped Impurities in BaFBr 
There are two types of impurities that can be present in storage phosphor materials: 
impurities that have been introduced deliberately (dopants), and materials that have 
accidentally been introduced during sample preparation. 
In BaFBr:Eu2 , divalent europium is doped into the host lattice in very small 
concentrations, typically in the region of 0.1 -0.5mol% europium with respect to the 
number of moles of barium present. Direct substitution of a divalent europium cation 
onto a barium site is straightforward because the cations have a fairly similar ionic 
radius (r (Ba2 ) = 1.34A; r (Eu2 ) = 1.09A - as given in Table 2.1), and no charge 
compensation is required. 
Europium is commonly found in both the divalent and trivalent oxidation states. After 
the Vk centre was dismissed as the room temperature hole trap, it was suggested by a 
number of research groups [10, 14, 15, 16] that a possibility for hole trapping was the 
oxidation of Eu2 by the hole liberated during irradiation, while the corresponding 
electron was trapped at an F centre: 
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2+ 	+ Eu + h —*Eu3+  
V r + e--> V8r 
However, while optical and EPR data firmly support the electron-trapping process 
[10], there has been little evidence to support the hole trapping stage of this scheme. 
Groups that have specifically looked at the concentration of the Eu 3 species in 
BaFBr:Eu2 have found no evidence of an increase in the Eu 3 fEu2 ratio upon 
irradiation, or of a decrease upon photostimulation [13, 17, 18, 19]. It is now 
considered unlikely that the hole simply oxidises the Eu2 ion. 
At room temperature, Vk centres are most mobile in a direction perpendicular to the 
c-axis [17] and it is possible that they could be trapped near to a Eu 2 ion. It has been 
suggested that a Vk centre trapped at a Eu 2+  ion, could recombine with an electron to 
produce a self-trapped exciton, and then undergo radiationless decay into an F centre 
- H centre pair [12, 17]. Thus the F centre, the hole centre and the Eu 2 ion would be 
formed in close proximity, an important point that will be expanded upon later in this 
chapter. 
2.4.4 Oxide Impurities in BaFBr:Eu 2 
It is extremely difficult to obtain samples of BaFBr:Eu 2 which are entirely oxygen 
free because oxide impurities are introduced during the preparation of samples either 
if the reactants are slightly wet (BaF 2 for example is very hygroscopic) or if the 
sample is exposed to the atmosphere at some stage of the preparation. It is therefore 
important to be able to understand the role of oxygen defects and to be able to control 
(as opposed to eliminate) its presence. In recent years it has also become evident that 
oxygen present in small quantities in the lattice may actually enhance the storage and 
stimulation ability of BaFBr:Eu 2 [21]. 
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Oxygen defects may substitute in the BaFBr structure on both anion sites, but they are 
found to prefer the fluoride sublattice [22, 23]. The incorporation of a divalent 
oxygen atom on a monovalent fluorine lattice site results in an excess of negative 
charge, which is compensated for locally by a bromine vacancy [13]: 
'/202 	OF' + VBr 
It is known that Vk centres decay on warming to room temperature [13] but may also 
recombine with F centres [12, 17]. Alternatively, it is possible for them to diffuse to 
oxide impurities. Koschnick et al suggested that holes (as Vk centres) could be 
trapped at oxygen defects in the lattice [24]. When this OF ' oxide species meets a Vk 
centre hole trap it will form an OF defect centre. This species may then act as the 
room temperature hole trap: 
OF' + Vk 	> OF +2BrBr 
The spatially-correlated bromide vacancies formed as part of this process can act as 
electron traps in the form of F centres and, at temperatures above about 200K, they 
will have sufficient thermal energy to be able to diffuse away from the oxide defects 
and form isolated F(Br) centres. Fig. 2.9 illustrates the oxide impurity in an alkali 
halide lattice. 
The layered structure of BaFBr:Eu 2 , with holes trapped in the fluorine layers and 
electrons in the bromine layers, causes a partitioning of trapped charge. This may be 
part of the reason why storage of charge over long periods of time can take place so 
efficiently in these materials while, at the same time, there is still appreciable mobility 
of charge within the layers [25]. 
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2.5 The Mechanism of PSL in BaFBr:Eu 2 
Although a very brief description of the storage and stimulation mechanism in storage 
phosphor materials was given at the start of this chapter, we have so far concerned 
ourselves primarily with a discussion of some of the properties of the BaFBr crystal 
lattice. The symmetry and crystal structure of the host lattice have been described, and 
defects that are commonly found in the crystal lattice have been mentioned. In 
particular, the defects that have been observed in BaFBr:Eu 2 and are thought to be of 
importance in the storage and stimulation process have been illustrated and discussed 
in greater detail. 
The three stages of the mechanism of photo stimulation in storage phosphor materials 
are: irradiation of the materials by X-rays (or another form of ionising radiation); 
storage of the liberated charge at lattice sites; and stimulation of this charge using a 
source of heat or light, which results in charge recombination and luminescence. 
There has been much debate as to the precise mechanism that is followed and there 
are still many aspects of the process which are not completely defined. 
2.5.1 Irradiation 
Charged vacancies in ionic solids may arise both during crystal growth and as a result 
of the irradiation process [26]. Irradiation of simple halide crystals at low 
temperatures is known to produce F centres and trapped hole centres [8] and by 
extension the mixed alkaline earth halides are assumed to behave in a similar manner. 
At room temperature electrons and holes are also produced, but a greater proportion 
of them will immediately recombine, leading to fewer being trapped at the defect sites 
in the lattice. 
During irradiation electrons are promoted to the conduction band and as a result holes 
are left behind in the valence band. These are called unbound electron/hole pairs. 
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Types of radiation that can be used include a particles, P particles, 7 rays, X-rays and 
UV light. 
The precise effect of irradiation on the crystal lattice will depend on the type of 
radiation used - higher energy radiation would be expected to penetrate further into 
the material, while lower energy radiation may be more likely to affect surface atoms 
of the storage phosphor crystallite. It has been shown that the stimulation spectra in 
2+ imaging plates based on BaFBr:Eu are dependent on the energies of the incident 
charged particles. When the ratios of PSL resulting from stimulation at 600nm and 
500nm were plotted against incident particle energy, a linear plot was obtained for 
incident protons ranging in energy from 1.5 to 3.2MeV [27, 28]. An initial 
comparison of incident protons with a particles and electrons also appeared to show 
qualitative differences. Thus it appears to be possible to determine the energies of 
incident particles using the imaging plate itself but, as pointed out in these papers, it is 
not yet clear whether this method of energy determination is valid for other incident 
radiation particles. In addition the reason why the imaging plate can offer particle 
determination is in itself not understood. 
Irradiation of ionic solids therefore leads to the production of unbound electron/hole 
pairs and of charge defects such as F centres and Vk centres. It is the stability of these 
traps that is crucial, and so it is important to establish the room temperature electron 
and hole trapping processes. 
2.5.2 Storage and Stimulation 
Once created, the unbound electron/hole pairs may be trapped independently at defect 
sites in the crystal lattice. Only a finite percentage of the free electrons will eventually 
become trapped; others will immediately recombine with their correlated holes. It has 
been well established that electrons are trapped at F centres, but there is still debate as 
to whether holes are trapped by the Eu 2 ion directly or are involved in some manner 
with the oxygen defects in the lattice. Storage is stable with respect to time as long as 
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the materials are kept in the dark and at fairly cool temperatures (: ~ 273K) so that 
spontaneous stimulation is minimised. 
Two mechanisms for recombination of charged defects have been suggested and will 
be discussed here. The first is a bimolecular recombination model, which was 
historically important as it was the first mechanism for charge storage and stimulation 
in BaFBr:Eu2 to be put forward. Further investigations led to the suggestion of a 
monomolecular recombination model, which appeared to fit experimental 
observations more accurately. Since then, it has been a source of interest and 
amusement to observe how the supporters of the bimolecular model seem to be 
prepared to reduce their academic credibility by publishing poorly written papers with 
minimum content and few experimental details to defend the original theory [11, 29, 
30]. 
2.5.3 The Takahashi Model for Charge Storage and Stimulation 
Takahashi et al proposed the first 'conduction band', or 'bimolecular', model for 
BaFBr:Eu2 in 1984 [10]. They observed that the intensity of Eu 2 luminescence 
decreased during irradiation (by UV light in this case), while the intensity of Eu 3 
luminescence increased. In addition the reverse was true upon red light stimulation: 
Eu2 luminescence increased, while Eu3 luminescence decreased [10]. They proposed 
that the holes created during irradiation oxidised the Eu 2 ion to form Eu3 . The 
electrons are then either caught by Eu 3 ions to emit spontaneous Eu 2 luminescence 
or they are trapped as F centres [29]. 
The Takahashi group also claimed that when the photo stimulation wavelength was 
scanned, the excitation spectra of PSL and photostimulated conductivity (PSC) nearly 
corresponded with each other at 90K and at 300K - both spectra having a primary 
peak at around 600nm and a smaller secondary one near to 500nm [10, 29]. 
Photoconductivity occurs when electrons are free to move through the conduction 
band, and so Takahashi et al postulated that upon photostimulation by red light the 
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trapped electrons were liberated from the F centres into the conduction band where 
they could diffuse until they met and recombined with a trapped hole. When this 
happened, Eu3 returned to its divalent oxidation state, first in an excited electronic 
state (with the electronic configuration 4 6  5d) and then upon the emission of 
luminescence at around 390nm (3.2eV) to the Eu 2 ground state (4f 7)•  Fig. 2.10 
depicts the energy level diagram suggested by Takahashi et al, with energies quoted 
for the case of BaFBr:Eu 2 . 
The Takahashi group recognised that there were two types of F centre present in 
BaFBr:Eu2 - F(F) and F(Bf) - and attributed them to the 500nm and 600nm 
excitation peaks respectively [30]. From their PSL and PSC stimulation experiments it 
was observed that the decrease in peak sizes for the 600nm peak was greater than for 
the 500nm peak which was assumed to imply that different thermal activation energies 
were involved for the two types of  centre. Values for these activation energies were 
calculated, by means of an Arrhenius type plot of the natural log of PSL intensity 
against reciprocal temperature, to be about 37meV for the F(Bf) centre and 1.3meV 
for the F(V) centre. These values can be thought of as the depth of the excited F 
centre state with respect to the conduction band. 
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Fig. 2.10 	Illustration of the procedure involved in the Takahashi PSL 
mechanism in the storage phosphor BaFBr:Eu 2 [26]. 
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In summary, Takahashi et al believed that photostimulation took place via optical 
stimulation of electrons from F centres to an excited level followed by a thermally 
activated promotion into the conduction band. Photostimulation was therefore 
accompanied by photoconduction. The electrons diffused through the conduction 
band to Eu3 ions and stimulated Eu 2 luminescence at 390nm. 
2.5.4 Problems with the Bimolecular Model 
During photo stimulation in the bimolecular model the recombination rate r of 
electrons and holes is proportional to the number of free electrons n as well as to the 
number m of Eu3 ions [26]. Thus 
r = aiim 	 (2.2) 
where a is a constant of proportionality. For every hole associated with an Eu 3 ion 
there will be an electron that is either free within the conduction band or trapped at an 
F centre. The number of Eu 3 recombination centres m can therefore be written as 
m=n+nF 	 (2.3) 
where flp is the number of-electrons trapped at F centres. 
In the conduction band, the rate of change of the concentration of electrons during 
photostimulation by light of intensity 1(t) is given by 
dn 	n 
—=–r--+cr0 In 	 (2.4) 
dt 
where Tp is the trapping lifetime of the F centre and Ob is the absorption optical cross 
section. This expression arises because electrons are lost from the conduction band 
through recombination with holes and trapping at F centres and they are created 
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through photo stimulated promotion of electrons into the conduction band (we assume 
that there is no irradiation while photostimulation is occurring). Upon substitution of 
Equations (2.2) and (2.3), this expression becomes: 
dn = 	 n 	
(2.5) 
We also have the expression 
dt 
	cTOIflF 	 (2.6) 
for the rate of change of the number of electrons trapped at F centres, which is 
obtained in a similar way by considering the processes by which electrons are trapped 
at, and excited out of, F centres. Experimentally, the observable quantity is the 
recombination rate r which is proportional to the intensity of the photostimulated 
luminescence. 
Equations 2.5 and 2.6 were solved numerically to give the maximum photon emission 
rate (equivalent to the initial PSL intensity) during optical stimulation as a function of 
the irradiation dose, which was found to be a quadratic function with respect to the 
dose applied [26]. This is why the Takahashi model is referred to as "bimolecular". 
Subsequent to this calculation, the PSL intensity was observed experimentally by Von 
Seggem et al to have a linear relationship with the applied dose [26] which 
contradicts the predictions of the bimolecular model and suggests that a 
monomolecular model would be more appropriate. In addition, the PSL signal has 
been seen by several groups to be temperature independent over a wide temperature 
range [31], contrary to the observations made by the Takahashi group. This implies 
that the PSL process does not involve thermal activation. This, and the fact that the 
energy of a 623.8nm HeNe laser, which was commonly used as the stimulation 
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source, has slightly less energy than the gap between the F centre and the conduction 
band, suggests that promotion to the conduction band may not occur after all. 
Su et a! studied BaFBr:Eu2 and concluded that Eu2 was not oxidised to Eu3 during 
3 	2 irradiation [32]. They did not find any evidence of an increase m the Eu +  fEu +  ratio 
during X-ray irradiation or during photo- or thermal stimulation. This shows that the 
holes do not simply ionise the Eu 2 ions as proposed by Takahashi et al. 
The final nail in the coffin of the bimolecular model came from very thorough PSL 
and PSC studies that were carried out by Dong and Su in 1995 [20, 32]. They showed 
from decay curves of PSL and PSC intensity plotted against time, that the exponential 
decay time constants were different for the two types of measurement. They also 
carried out temperature dependence experiments and showed that while PSC was a 
thermally activated process, PSL remained temperature independent from 90 up to 
300K as can be seen in Fig. 2.11. 
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Fig. 2.11 	Temperature dependence of PSL and PSC [20, 321 
When considered as a whole the results of this experimental work shed a significant 
amount of doubt on the mechanism suggested by Takahashi et al. It would appear 
that the electrons involved in PSL are not correlated with the electrons in the PSC and 
that the electrons that produce PSL do not diffuse through the conduction band. 
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2.5.5 The Von Seggern Model for Charge Storage and Stimulation 
To rationalise the above experimental observations Von Seggem et al concluded that 
the process of recombination did not occur via the conduction band but through 
quantum mechanical tunnelling of the electron to the hole centre [26]. The energy 
level scheme for this mechanism is shown in Fig. 2.12. 
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Fig. 2.12 	Illustration of the procedure involved in the Von Seggern PSL 
mechanism in the storage phosphor BaFBr:Eu 24 [261. 
The F centre is optically excited; that is to say the ground state electron (is) is 
pumped into the first excited state (2p) using red light, typically from a HeNe laser. 
From here it relaxes into an energy level which is nearer to the conduction band. This 
relaxation is a crystal lattice distortion which acts to compensate for the modification 
in the charge distribution around the F centre. While it appears from Fig. 2.12 that the 
energy increases after relaxation takes place, it is important to note that this diagram 
only shows electronic energy and it is the total energy that is reduced during the 
relaxation process. The F centre now contains an excited electron rather than an 
electron in its ground state. This electron has three options: it can either relax back to 
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the F centre ground state; it can escape to the conduction band by thermal activation 
(it has already been shown that this cannot be a major contribution to the PSL signal); 
or, in order to proceed to the next stage, Von Seggem et al postulated that it 
tunnelled to a nearby [Eu2 —h] recombination centre. 
Once the electron has found the trapped hole complex it de-excites via a dipole-dipole 
interaction (a non radiative process) to the 4 6 5& excited state of Eu2 and then a 
radiative recombination into the Eu2 4 7 ground state, emitting luminescence at 
390nm. 
This tunnelling mechanism is made possible by the existence of a photostimulable 
luminescence complex (PSLC), which consists of an F centre in close proximity to a 
recombination centre composed of the Eu 2 activator ion and the trapped hole, 
[Eu2t_h]. Before strong evidence that the Eu 3 ion was not involved in this process 
was published, Von Seggern et al assumed that, as suggested by Takahashi et a!, the 
• . 	
i 	
3+ hole was trapped at the Eu 2+  ion, oxidising t to Eu [26]. However the 
monomolecular mechanism is still valid if the hole is considered to be trapped in the 
vicinity of the Eu2 ion, if not directly at it. Thus, directly before charge recombination 
occurs, the PSLC can be thought of as triple aggregate of the F centre, the hole trap 
and the Eu2 ion. 
The timescales of the lattice relaxation and phonon interaction are very short with 
respect to the other processes that are involved, so they can be neglected when 
considering the overall dynamics of the above mechanism. The process can then be 
described by the following equations [26] 
dn. 	(i 	i 
—+ -- In 	 (2.7) 
Ii- 	. 
F tun) 
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dn . n. n 
Eu 	FEu 	 (2.9) 
dt 
where all variables have a similar meaning to the bimolecular case: lF, np, and flEu * are 
the number of electrons in the ground and excited F centre state and the number of 
electrons in the excited Eu 2 state respectively, co is the optical cross section, I is the 
intensity of the stimulating light, and TFS, TEu* and rwn are the lifetimes of the excited F 
centre state, the excited Eu 2 ion and of the tunnelling process. Again, it is desirable to 
solve these equations to find an expression for the recombination rate r = nEU*/rEU*. 
The solution shows that for the PSLC model a linear increase in the maximum photon 
emission rate with irradiation dose is obtained and by a careful selection of the 
parameters the model can be made to agree with the experimental results. Fig. 2.13 
shows the theoretical results for both the monomolecular and bimolecular models 
when the maximum photon emission rate is plotted against the number of F centres, 
or the number of PSLCs (both of which are proportional to the irradiation dose for 
the appropriate model), and gives the parameters that were used in the calculations. 
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Fig. 2.13 	Comparison of the monomolecular (PSLC) and the bimolecular 
recombination model for optical stimulation 1261. 
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Comparing the two models it can be seen that the bimolecular model represents a 
thermally activated process whose rate will depend on temperature, whereas 
tunnelling will occur even at very low temperatures and have a rate independent of 
temperature. Takahashi calculated the activation energies for F(Bf) and F(F) centres 
to be about 37 and 1.3meV respectively [29], but Von Seggern found the PSL time 
constant and efficiency to be practically temperature independent from 5.5 to 300K 
[26], which excludes the possibility of any thermal assistance for promotion of 
electrons into the conduction band. 
2.5.6 PSL Lifetime Calculations 
The PSL lifetime TPSL was measured by both the Von Seggern and the Takahashi 
groups and was found to be 0.8s [26, 29], showing little variation with increasing 
temperature [29]. This value was compared to the temporal response of un-irradiated 
BaFBr:Eu2 as a consequence of flashlight excitation of the 4f—* 5d transition in Eu 2 . 
This was also found also to have a lifetime of 0.8p.s, and so Eu 2 emission was 
assumed to be the rate determining step in the PSL process. 
If this is the case then all other processes, such as tunnelling and F centre excitation 
occur at timescales that are at least an order of magnitude faster than 0.8ts. Von 
Seggern et al estimated values for the lifetimes of tunelling Thm and of the excited F 
centre state Vps and these are given in Table 2.3 [26]. 
Temperature/K 	Calculated lifetime/s 
300 	 5 x 1012 
4.2 	 1 x 106 
nun 	 all 	 5x10' 4 
nEu 	 all 	 8x10 7 
Table 2.3 	Lifetimes of the process taking place in PSLC recombination 
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From these calculations it is possible to estimate the tunnelling distance using the 
simplified picture in Fig. 2.14, of an electron of mass m in a potential well of diameter 
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Fig. 2.14 	Representation of the potential well of an electron in an F centre. 
It is assumed that a = 4A for an F centre corresponding to a single lattice spacing and 
that the potential barrier height after optical stimulation is 0.1 eV. Using these 
parameters a value for the tunnelling distance of about 15A is obtained, which is just 
less than 4 lattice spacings. This relatively short distance underlines the need for the 
presence of a PSLC triple aggregate to explain the stimulation process. 
2.5.7 Emission and Stimulation Spectra 
It has been stated in previous sections that upon red light stimulation the storage 
phosphor BaFBr:Eu2 emits luminescence in the blue region of the spectrum. These 
wavelengths have been deduced from measurements of the emission and the 
stimulation (or excitation) spectra. 
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The stimulation spectrum for the PSL process in BaFBr:Eu 2 has been found to 
consist of peaks at 500 and 600nm,, as shown in Fig. 2.15 [29, 34]. Initially, this was 
assumed to correspond to excitation out of the two types of  centre found in BaFBr; 
i.e. the F(F) and the F(Bf) [29]. Further work [9], however, found that in fact both 
stimulation bands originated from the same type of F centre and the splitting was due 
to the anisotropy of the F centre induced by the tetragonal structure of the BaFBr 
lattice [35, 36]. The Mollwo-Ivey relation for alkali halides states that F centres based 
on halide vacancies with larger ionic radii will have absorption bands at longer 
wavelengths [8], and by extension it was found that it was the F(Bf) centres that were 
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Fig. 2.15 	PSL stimulation spectrum of a BrFBr:Eu 2 single crystal 1341. 
In order to achieve optimum excitation of electrons out of the F(Br) centres a HeNe 
laser, which has a wavelength of 632.8nm, is generally used as a convenient red light 
source. If stimulation in the SOOnm band is required a laser such as an Argon ion laser 
(?. = 514nm) or a frequency-doubled Nd:YAG laser (X = 532nm) may be employed. 
The emission spectrum following photo stimulation of BaFBr:Eu 2 at 590nm is shown 
in Fig. 2.16 and corresponds to the phonon broadened 46  5d' —* 47 transition of Eu2 
[34]. The peak occurs at 390nm which corresponds to emission in the blue region of 
the visible spectrum. 
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Fig. 2.16 	Emission spectrum following photostimulation of X-ray irradiated 
BaFBr:Eu 2 [34]. 
Fig. 2.17 shows the relative positions of the energy levels involved in the storage and 
stimulation process within the band gap. The position of the relaxed excited state of 
the F centre, at 35meV below the conduction band, was calculated from the thermally 
activated increase in the PSL signal with increasing temperature from 40K up to 120K 
[9]. IR emission spectra of X-ray irradiated BaFBr:Eu 2 single crystals were used to 
ascertain that de-excitation from the relaxed excited state of the F centre occurred 
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Fig. 2.17 	The energy levels of defect trap sites within the band gap of 
BaFBr:Eu 2 [9]. 
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For the F(F) centre, and F centre aggregates such as the M(F) centre, it has been 
shown [9] that the activation energy for the transition from the relaxed excited state 
to the conduction band is too high to occur at room temperature, and that the barrier 
height for the tunnelling process is too large to be overcome by red light 
photostimulation. These electron traps do not, therefore, contribute to the PSL signal. 
2.5.8 Long-time PSL Decay 
It can be seen from plots of PSL intensity against time that the PSL signal takes a 
significant length of time to reduce to background light levels [20, 37, 38, 39], and it 
is not uncommon to be able to observe PSL more than an hour after stimulation 
commenced [40]. Neither the bimolecular nor the monomolecular models are able to 
explain this extended signal; both conduction band transfer of charge and quantum 
tunnelling have very short lifetimes and so, in both cases, the trapped charge should 
be able to recombine promptly. In addition it can be seen that when plotted on a log-
log scale, and at timescales greater than 1 second, PSL intensity decreases linearly 
with time and therefore does not obey the exponential law of the tunnelling model. 
Models based on the diffusion of trapped charge over a two dimensional lattice have 
been developed by Harrison and Tempter [25, 37] and Hangleiter et al [13] to explain 
this long time PSL signal. 
Upon irradiation, defects are created in the crystal lattice so that statistically a certain 
number of [Eu2 — h— F centre] triple aggregates form immediately, along with some 
F centres that are relatively close to an [Eu 2 —h] pair (but not close enough to form a 
PSLC) plus a variety of isolated F centres and isolated hole centres. At very short 
times (<lOj.ts) the PSL signal decays exponentially as the electron—hole pairs in the 
triple aggregates recombine. This will, of course, occur at a rate independent of the 
temperature at which stimulation was carried out. 
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Hangleiter et al then went on to suggest that the slow PSL component was due to 
excitation of F centres at intermediate distances, assuming that the excited F centre 
electron had a finite diffusion range. They postulated that the PSL signal increased in 
intensity at temperatures above 60K because the excited F centre electrons then had 
an increased diffusion range because of thermally activated motion through the 
conduction band. According to this theory annealing the sample above 150K initiated 
diffusion of the trapped charge species to form a new equilibrium distribution of 
PSLCs so that PSL could once again be stimulated at low temperatures. 
The mechanism suggested by Harrison and Templer developed the idea of charge 
diffusion in a slightly different way. They suggested that the spatial distribution of the 
components in the PSLC was not static, but that the defects were able to move 
around the lattice in such a way as to continually re-form PSLCs, even while they 
were being depleted by luminescence [25, 37]. They deduced that it was possible for 
optically stimulated diffusion of trapped charge to take place without the need for 
electronic diffusion within the conduction band. The rate of PSL at longer times 
(>lOOs) will be limited by the rate of formation of new PSLCs, which involves the 
migration of charged species, be they F centres, holes or even the Eu2*  ion. Energies 
for the migration of some of the ion vacancies in BaFBr were calculated by Baetzold 
[41] and are given in Table 2.4, with Fig. 2.18 showing the corresponding migration 
pathways. The lowest energy migrations involve the interplanar migration of the Br 
ion and intraplanar migration of the F ion to its nearest neighbour. Diffusion along 
these pathways can easily be stimulated optically using a HeNe laser, which has a 
photon energy of 1.96eV. 
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Fig. 2.18 	Pathways of charge 
migration in BaFBr. 
Table 2.4 	Energies of charge 
migration for the 
pathways shown in 
Fig. 2.18 1411. 
In the simplest case defect migration may be modelled by a continuous time random 
walk of two species over a three dimensional lattice. If we assume that the initial 
concentration of the species are the same and that they are initially randomly 
distributed, then at time t the number n(t) of either species may be given by 
n(t) = n(0)t-' 	 (2.11) 
where a lies between 0 and 1 depending on the height of the potential barrier [42, 
43]. If the initial conditions are not satisfied or if there are several competing 
processes taking place, a more complex superposition of decay laws will result. This 
is observed experimentally where the power law exponent a is typically between 1 
and 1.5 and is temperature dependent. The kinetics of random walks on a periodic 
lattice are discussed in more detail in Chapter 7. 
The Harrison and Templer model can also explain the phenomenon of continued PSL 
after high temperature annealing [37] because charge in deep traps will only be able to 
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aggregate and form PSLCs once it has been excited out of the traps by heating to a 
high temperature. This theory also predicted and explained a phenomenon called 
"recuperation" which was observed in BaFBr:Eu 2 [25]. Irradiation and optical 
stimulation are carried out as normal at room temperature. After a short period of 
time t optical stimulation is stopped and the sample is then kept in the dark, still at 
room temperature. It is found that when optical stimulation is re-commenced, at some 
later time t + x (typically of the order of minutes later), the PSL intensity is greater 
than it was immediately before optical stimulation was ceased. This "recuperation" 
may be accounted for by the migration of defects across the lattice forming additional 
PSLCs even in the dark. These new PSLCs can be optically excited as before when 
light stimulation is resumed.. 
2.6 Other Storage Phosphor Materials 
The theory of the storage and stimulation process in storage phosphor materials has, 
for reasons highlighted earlier in this chapter, been limited to a discussion of the 
material BaFBr:Eu2t A great many other materials are known to act as storage 
phosphors, including Ba 5 SiO4Br6 :Eu2 [44, 45, 46, 47], Ba5GeO4Br6 :Eu2 [44, 46, 
471, Ba2B509Br:Eu2 [44, 471, Ba3(PO4)2 :Eu2 ,La3 [48], Ba4OBr6 :Eu2 [49], 
Y2SiO5:Ce3 [50, 51, 52], YTa04 :Pr3 [53], LiTa03 :Tb3 [54], LaF3 :RE3 [55], 
Ca2PO4C1:Eu2 [47] and Zn4B6013 [47]. This section discusses only the materials that 
were studied in this thesis (intentionally not listed above) and discusses the similarities 
and differences in their storage and stimulation behaviour compared to BaFBr:Eu 2 . 
2.6.1 BaFX:Eu 2 ' (where X = Ct, Br, ) 
The compounds in the isostructural series BaFX:Eu 2 (X = Cr, Bf, F) are expected to 
exhibit similar storage and stimulation behaviour. All these materials crystallise with 
the tetragonal Matlockite structure illustrated in Fig. 2.1 for BaFBr:Eu 2 . The ionic 
radii of the halides increase down the series and as a result the lattice parameters of 
the unit cell increase correspondingly [2, 41]. This is shown in Table 2.5. 
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Tetragonal Unit Cell 
Ionic 	Parameters 	Lattice Energy 	Out of Plane X 
Radius! 	 (per formula 	vacancy migration 
A a/b/ A 	c/ A 	unit)/ eV 	energy/ eV 
cr 1.81 4.38 7.22 	22.6 	 0.47 
Br 1.96 4.508 7.441 	21.5 	 0.61 
F 2.20 4.654 7.962 	 - 	 - 
Table 2.5 	Lattice parameters for BaFX:Eu 2 materials, where X = Cl, Br, I. 
The effect of increasing ionic radius and larger lattice parameter is to decrease the F 
centre trap depth. The depth of the F centre trap will affect the relative stability and 
stimulability of the storage phosphor. Fig. 2.19 shows the positions of the F(F) and 
the F(Br) centres taken from data calculated for BaFBr:Eu 2 [9]. 
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Fig. 2.19 	Band model for F(V) and F(Br) centres in BaFBr:Eu 2  191. 
Unfortunately similar data are not also available for the F(CF) and F(F) traps, but by 
extension of the trends in Table 2.5 for lattice energy and vacancy mobility, it is 
possible to assume in this case that the F(F) centre traps (present in all the BaFX 
compounds) are the deepest, followed by F(C1), F(Br) and F(F) in that order. The 
F(F) centre traps are too deeply bound to be stimulable using HeNe light, but they 
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will have a competitive effect with the X traps on the initial trapping of electrons. The 
F(F) centre can be stimulated at the lowest energy and so BaFI:Eu 2 is expected to be 
the most unstable of the three materials with respect to charge storage at room 
temperature. 
Since the BaFX:Eu 2 materials have the same crystal structure and similar electron 
and hole traps, there is no reason why they should not all behave according to Von 
Seggern's monomolecular recombination model. In agreement with this, PSL intensity 
in BaFCl:Eu is found to be independent of temperature which means that, as for 
BaFBr:Eu2 , thermally activated excitation of the F centre electron does not play a 
significant role in this process [56]. In all the europium doped BaFX materials, the 
energy of recombination is channelled through the Eu 2 4f65d'—*4f 7 emission, so PSL 
is expected to occur at a wavelength near to 390nm (the emission wavelength of 
BaFBr:Eu2 ). Indeed a broad band emission peak between 370 and 390nm has been 
observed in the emission spectrum of BaFCl:Eu 2 by several groups [56, 57, 58]. 
2.6.2 BaFBr doped with Rare Earth elements (BaFBr:RE) 
"Rare Earths" is the term commonly used to describe the series of elements, also 
known as the Lanthanides (Ln), between lanthanum and lutetium in the periodic table. 
The name rare earth (RE) came about because these elements were historically 
believed to occur only scarcely in nature and the isolated oxide product was said to 
have the feel of a material called "Fullers Earth". The chemistry of the rare earth 
elements is primarily related to their electronic configuration, which can be 
represented in order of increasing energy by 
[.......4d'° 52 5p64ffl] 6s' 
'"Fullers Earth" is a non-plastic clay consisting essentially of the mineral montmonllonite (a hydrated 
silicate of aluminium) which is the major constituent of bentonite. It was used originally in "frilling" which 
is the process of absorbing fats from wool [59]. 
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where, as the series progresses across the periodic table, the 4f electronic shell is tilled 
from n = 0 for lanthanum, which has an empty 4f shell, to n = 14 in the case of 
lutetium, with a full shell. The inner closed shells (up to 52  and 5p6) are quite 
effective at shielding the partially filled 4f shell from the effects of the nuclear charge. 
This means that the value of the first three ionisation potentials is much lower than the 
fourth and subsequent ionisation potentials. Further ionisation from the trivalent 
oxidation state is generally much more difficult because the core (including the lower 
filled energy levels) has developed a net positive charge that provides a net positive 
potential to the remaining electron energy levels regardless of shielding. Therefore the 
trivalent ionic state dominates for most RE materials. As a result, the chemistry of 
each lanthanide is quite similar to the others and they often occur together in nature. 
Thus, the separation of each rare earth has proved to be very difficult [60]. 
The binding energy of the 4f electrons (4f" -> 4ftl) of the trivalent lanthanides shows 
a clear trend as the nuclear charge increases, with a discontinuity in the middle. The 
factors that influence the binding energy of the lanthanides result from the effects of 
electron repulsion between the 4f electrons [6]. Firstly, as the nuclear charge increases 
across the series it gives a steady stabilisation, and a trend towards higher binding 
energies is observed. Secondly, at the position of the half-filled shell there is a break. 
This occurs because up to 4 7 the electrons can be accommodated in different orbitals 
with parallel spins, which gives extra stability due to the exchange energy. The eighth 
and subsequent electrons lose this stabilisation as they must pair up in orbitals that are 
already occupied, which increases the electrostatic repulsion. The result of this is that 
the binding energy of the 40 configuration is anomalously low compared to the 4 7 . 
Finally, there is also an electron-electron repulsion effect, which increases as more 
electrons are added to the shell. This is more pronounced in the second half of the 
series where the orbitals are more contracted. 
The prevalent trivalent oxidation state results when one 4f and two 6s electrons have 
been removed. However, as a result of low ionisation and electron affinity energies in 
several of the elements other oxidation states can also be favoured. These generally 
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correspond to the electronic configurations of the empty, hall-filled or full 4f shell. 
Table 2.6 summarises some of these oxidation states and gives the total number of 4f 
electrons in each case [61]. 
Ion Number of 
4f electrons 
Ion Number of 
4f electrons 
La3 0 Gd3 7 
Ce4 	0 Tb4 	7 
Ce3 1 Tb3 8 
Pr' 2 Dy3 9 
Nd3 3 H03 10 
Pm3 4 Er3 11 
Sm3 5 Tm3 12 
Sm2 6 Yb3 13 
Eu3 6 14 
Eu2 7 Lu3 14 
Table 2.6 	Common oxidation states of rare earth ions and the number of 4f 
electrons in their respective ground states 
The weak overlap of the tightly-bound rare earth 4f orbitals with other atomic or 
molecular orbitals in, for example, a crystal lattice or a ligand means that there is very 
little difference between the discrete energy levels of the 4f orbitals found in the free 
ion and in an incorporated ion [61]. For those ions with a partially filled 4f sub-shell, it 
is possible for electronic transitions to take place among the 4f ' orbitals [60] with 
only very slight differences in emission wavelengths occurring between different 
materials. Spectroscopic measurements show these f —* f transitions to be very 
narrow, suggesting that the 4f bandwidths are negligible — i.e. they are discreet states. 
Other excited electronic states also exist. These are the 5d and the charge transfer 
excited states. The 5d orbitals are stabilised much less than the 4f orbitals by the 
increasing nuclear charge, and the energy of the ligand, or anion, is essentially 
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unaffected by the nuclear charge on the rare earth. This means that the energy of the f 
— d and the charge transfer transitions increases with nuclear charge, with the 
exception of the discontinuity in the middle which mirrors the trend in 4f binding 
3+ 	 3+ 	3+ energy. Fig. 2.20 shows, for Ce , Eu 2+  , Eu , Gd , Tb3+  and Sm2+  , the discreet 4f 
energy levels and the broad bands that arise either through charge transfer from the 
anion to the metal cation (in the case of Eu 3 ) or from excitations to 4f 1 5d' states. In 
the case of Gd3 the location of the 5d levels is so far above the 4f states that it is off 
the scale of the diagram. This diagram is for the case of an oxide host lattice, but it is 
important to remember that the energy of both f —* d and charge transfer transitions 
depends strongly on the nature of the surrounding lattice [61]. 
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Fig. 2.20 	Energy level diagram of some of the rare earth metals in their 
oxide host lattices, from left to right Ce 3+ , Eu 2+ , Eu 3+ , Gd 3+  and 
Tb3 . Horizontal lines indicate the narrow 4f levels. The levels 
labelled with black half circles are levels from which luminescence 
is observed. The right hand diagram is a similar energy level 
diagram showing Eu 3 and Sm2 . The green arrows show the same 
transition (of Eu 34) in the two diagrams to compare the scale. 
Diagrams are taken from 1611 and 1621 respectively. 
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Whether the energetically lowest band corresponds to a 4f"5d' or a charge transfer 
state depends on the electronic configuration of the rare earth ion. For example Eu 3 
with one electron short of a relatively stable half-filled shell (4f 6) will readily accept. 
an electron from a surrounding anion and thus the charge transfer state has low 
energy, while Th3 which has an additional electron in addition to the half filled 4f 
shell will readily release this electron and the 4f 8 —* 47  5d' transition will take place at 
relatively low energy. 
It can be noted that as a general rule for the lanthanides the ligand-to-metal charge 
transfer bands shift to lower energies as the number of 4f electrons increases, whereas 
the 4f —* 5d transitions shift to higher energies [60, 61]. This is shown in Fig. 2.21, 
where it can be seen that the lowest energy 5d excited states are exhibited by Ce 3 and 
Tb3 - which have a 4f' and 4f 8 electronic configuration respectively and prefer a 
tetravalent configuration, and the lowest energy charge-transfer excited states are 
Sm3 , Eu3 and Yb3 - with 5, 6 and 13 electrons in the 4f shell respectively they easily 
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Fig. 2.21 	Relative emission positions of the two excitation energy processes 
in the trivalent lanthanides [59]. 
From Fig. 2.21 it can be seen that the rare earths which easily form divalent ions are 
Sm, Eu and Yb. Ytterbium is really of no importance as far as spectroscopic 
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properties of the 4f shell are concerned as Yb 2 has a fully filled 4f' 4 configuration 
[62], but the other ions may have 4f spectra and commonly appear as the divalent ion 
in chemical compounds. For example in lattices where the cation host is in a typical 
trivalent position (such as LaC13) it may be easily be replaced by divalent Sm2 [62], 
noting that charge compensation must be introduced in some way. The spectra of 
Sm2 and Eu2 in these host materials have been studied in detail by several groups 
[63, 64, 65, 66]. 
Doping a rare earth material into a storage phosphor host lattice is thought to increase 
the efficiency of the luminescence by channelling the electron/hole recombination 
energy to the rare earth rather than into a non-radiative decay pathway. Because many 
rare earth ions exhibit f —+ d and anion-to-metal charge transfer transitions, which are 
allowed under quantum mechanical selection rules, such electronic transitions are 
usually efficient and intense. In the work presented here La, Ce, Sm and Eu cations, 
were doped into the BaFBr host lattice as chloride compounds. With the exception of 
La, these materials should exhibit intense 5d or charge transfer-type electronic 
transitions. 
In previous experimental work, Harrison et al found that long term storage was poor 
for undoped BaFBr and BaFBr doped with Yb, but that it was good for materials 
doped with Ce, Tb and Dy [37], although none appeared to work as well as the Eu 
doped material. Zha [40] used a range of rare earth oxides to dope into the BaFBr 
host lattice. In this case, relatively poor PSL was observed for most of the lanthanides 
except Yb and Ce, although again, neither of these materials performed as well as the 
Eu doped material. It was, however, unclear what proportion of the PSL activity was 
due to oxide impurities introduced along with the rare earth ions. 
Trivalent La with its 4f ° electronic configuration is expected to have no effect on the 
efficiency of the PSL process, other than as a result of any impurities introduced 
through charge compensation. It has no 4f electrons and so will be spectroscopically 
inactive because it will not be involved in f -~ f, f —* d or charge transfer transitions. 
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Ce was doped into the BaFBr host lattice as the trivalent (4f') ion. From Fig. 2.21 it 
can be seen that the f — d transition occurs at relatively low energy, and so it is 
possible that Ce might also exist as the tetravalent cation with the 4f ° configuration. 
The emission of the Ce 3 ion corresponds to the 4f 05d' —> 4f' transition, and is 
usually situated in the UV or the blue spectral region [67]. Lin and Su observed 
BaFC1:Ce (0.5mol%) to emit PSL at 426nm, which coincided with the Ce 3 emission 
spectrum and was therefore attributed to the 4f°5d' —+ 4f' transition in Ce 3 [68]. The 
stimulation spectra subsequent to X-irradiation showed a double peak at 450 and 
560nm. These properties reflected the storage and stimulation properties of 
BaFBr:Eu2+  which were discussed previously in this chapter. It was also suggested in 
. this paper [68] that Ce 3+  may also act as a good hole trapping centre because the Ce 4+  
ion, with its empty 4f shell, is not punitively high in energy. 
It has already been shown that the rare earth elements Sm and Eu are both known to 
form divalent cations via anion-to-metal charge transfer transitions. Eu 2 in particular 
is well known to appear in chemical compounds and Eu was doped into the BaFBr 
host lattice directly as the divalent chloride. Eu 2 can undergo the 4f 7 —+ 4 65d' 
transition at an energy of 3.45eV which has a corresponding wavelength of 
approximately 360nm. Conveniently, this energy appears to correspond closely to the 
energy of electron/hole recombination in BaFBr-type storage phosphors and, together 
with the strongly allowed nature of an f —+ d transition, this leads to efficient transfer 
of the recombination energy and an intense emission spectrum. 
In Sm2+ 	 i , however, the situation s very different and bears more resemblance to Eu 3+  
which has the same 4 6 electronic configuration. In Sm2 there is a 4f 5 5d' excited 
state which can be the origin of luminescence, but the ground-to-excited state energy 
is much smaller than in Eu2 because of the increase in binding energy as the nuclear 
charge increases. Luminescence from an Sm 2 centre typically occurs at wavelengths 
over 600nm. Clearly this energy does not closely match the electron/hole 
recombination energy. 
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Doping with different RE ions may also affect the PSL half-lives for the same host 
material. It has been established for BaFBr:Eu 2 that the rate determining step in the 
PSL process is the electronic transition from the RE excited state to the ground state 
[26]. This gives the PSL a lifetime value of approximately 800ns. In contrast, very 
short lifetime values of 12 and 36ns have been reported for CeP 50 14 , because the 4f - 
5d transitions in Ce 3 are strongly allowed [69], but as far as we are aware no direct 
measurements of the lifetimes of a variety of RE ions in BaFBr have been made to 
date. 
All materials that have been mentioned so far have had the general formula BaFX:RE, 
where X is a member of the halide series and RE is a rare earth cation. One of the 
most important ways in which such storage phosphors appear to operate is through 
the migration of charged defects across the lattice to form PSLCs. Migration of 
defects through the Matlockite lattice has been seen to occur via either inter- or 
intraplanar routes, shown in Fig. 2.18, and it was suggested earlier in this chapter that 
the layered structure is useful to separate spatially the different charged defect species. 
2.6.3 Doped Alkali Halides 
Many doped alkali halide materials (general formula MX:A, where M is a monovalent 
cation, X is a halide anion and A is the dopant) are also known to act as storage 
phosphors. The defect behaviour of these materials has been widely studied for many 
years and is well understood at ambient and low temperatures. Many alkali halides 
have the well-known rock salt structure where the anions show cubic close packing 
and the cations are positioned in the octahedral holes, as shown in Fig. 2.22 (a). This 
simple structure (c.f. the Matlockite structure in BaFBr) means that the fundamental 
processes during charge migration should be easier to understand and rationalise. It 
was hoped that these factors would prove an advantage in unravelling the mechanism 
of PSL behaviour in storage phosphor materials. 
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Fig. 2.22 	The rock salt structure for alkali metal halides. 
Ions that are suitable dopants have more than one accessible oxidation state which 
will, potentially, allow them to act as either electron or hole traps. In Section 2.6.2 it 
was seen that europium is able to exist in the di- or trivalent oxidation state because 
of the possibility of an f —* d electronic transition. Indium, as seen in Table 2.7, has 
been commonly used as a dopant cation in the alkali halide materials. Indium in the 
monovalent oxidation state can be either oxidised to In 2 or reduced to In0 . Also, in 
alkali halides, doping with a divalent cation requires charge compensation, for 
example by the formation of a vacancy at another cation site, but monovalent cation 
doping does not require charge compensation and direct substitution onto an alkali 
metal site can occur without the creation of additional defects. 
Some of the alkali halides that have shown properties typical of a storage phosphor 
include RbBr:Tl [70], RbI:Tln b 2 /Eu2 [70, 72], KBr:In [73, 74, 75, 76, 77, 
78], and KCl:Eu2 [79]. Table 2.7 summarises, for these materials, some of the 
spectroscopic and kinetic data that have been published in the last few years. In 
addition, nearly all the materials have been observed to show an initial PSL intensity 
that is directly proportional to the radiation dose received. This suggests that the 
monomolecular tunnelling mechanism for charge storage and stimulation is applicable 
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Host Dopant Stimulation Emission PSL Ref. 
lattice Cation wavelength/nm wavelength/nm lifetime/p.s 
RbBr Tl 695 370 0.37 [70] 
RbI TV 730 430 0.41 [72] 
In 730 545 3.0 [72] 
Pb2 730 425 1.2 [72] 
Eu2 730 435 1.3 [72] 
KBr 630 440 - [77] 
KC1 Eu2 580 420 1.6 [79] 
Table 2.7 	Emission and excitation wavelengths and PSL lifetimes for a 
variety of doped alkali halide storage phosphors at room 
temperature. 
When irradiating storage phosphor samples at room temperature and stimulating 
directly afterwards at low temperature it is possible to completely bleach the PSL 
signal. After subsequent warming of many of these alkali halide materials it is possible 
to recover the PSL, as it is for BaFBr:Eu 2 . This effect is called "replenishment" and 
is seen as evidence for migration of the trapped electron and/or hole species through 
the lattice, in much the same way as is the recuperation effect which was discussed in 
Section 2.5.8. One notable exception to this was, however, the material RbI:T[, 
where no replenishment effect was observed [71]. This suggested that the electron 
and hole traps were correlated spatially in the lattice in a way that was not as yet 
understood, and that the mechanism in this material was possibly more 
straightforward than in other storage phosphor materials. 
2.7 Objectives of this Thesis 
To summarise the research situation at present would be to say that although a wide 
variety of materials are known to exhibit the properties of storage phosphors (some of 
which were listed in Section 2.6), these materials have in general not been developed 
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as storage phosphors, but rather have been discovered largely by trial and error or by 
accident. In addition to this, none of the materials known to date have displayed 
behaviour superior to the original material BaFBr:Eu 2 , which still appears to be the 
best storage phosphor. It has good signal stability because charge trapped at defect 
states within the band gap is not readily excited out of these states at room 
temperature, and so an image may be stored for a substantial period of time without 
loss of significant amounts of information. It also shows good photo stimulability, 
producing a relatively high intensity PSL signal with a good signal-to-noise ratio. 
The most tantalising aspect of this success, however, is that there are still aspects of 
the storage and stimulation process that are uncertain, and without this knowledge it 
is difficult to find materials that may surpass the performance of BaFBr:Eu 2 . 
Specifically, the hole trap is still unidentified, although several ideas have been 
postulated (see Section 2.4.2-2.4.4) concerning Vk centres and oxide impurity species. 
In addition the nature of the mechanism of photo stimulation at room and low 
temperatures has not been elucidated exactly: the relative contributions from 
tunnelling and conduction band promotion are not precisely known and the 
mechanism behind defect migration is still not entirely clear. 
The focus of this thesis was to study a range of materials that had been chosen in a 
systematic way and to investigate their behaviour during photo- and thermal 
stimulation of the trapped charge in defect states created by irradiation. 
Since it is believed that only the F(Br) centres are involved in the photostimulation 
process, barium fluorobromides doped with materials that would alter the ratio of the 
F(F) to F(Bf) centres within the lattice were chosen to be studied. The materials 
selected as the dopants were KBr, KF, SrBr 2 and SrF2 . In a similar way, pure and 
europium doped non-stoichiometric samples, with general formula BaF 1 Br(:Eu2 ), 
were studied to observe any effects of a change in the balance of the number of F(F) 
with respect to F(Bf) centres in these samples. 
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In previous work the family of BaFX:Eu materials have been studied, where X = Cl, 
Br, I [40]. Particular interest has been focussed on barium fluoroiodide as it gave a 
more intense PSL intensity than the bromide, although the stability of stored charge at 
room temperature was not as good. A series of materials intermediate in composition 
between the bromide and the iodide were studied, again with and without europium 
doping. These materials had the general formula BaFIBr1(:Eu 2 ). 
The final group of compounds with the BaFBr host lattice were produced by doping 
with a variety of rare earth ions. Materials doped with La, Ce, Sm and Eu chloride 
were studied to attempt to understand more fully the role of the RE activator ion with 
respect to the overall efficiency of the PSL process, and as a possible hole trap in the 
storage phosphor material. 
Additionally, materials with the simpler alkali halide host lattice were prepared, doped 
with indium and europium chloride. Three alkali metal bromides - Na, K and Rb - 
were used to investigate whether there was a trend in PSL efficiency as the size of the 
cation, and therefore the lattice parameter, increased. 
A number of different optical measurements were carried out to investigate the defect 
energies, their stabilities and their populations and attempt to understand more about 
the mechanism of the storage and stimulation processes. Thermoluminescence glow 
curves were obtained to give an idea about the various types of traps that were 
created and filled during irradiation and the energies at which these defect states lie. 
PSL measurements were made at temperatures between 100 and 300K using 
apparatus constructed in our laboratory. These studies yielded information about the 
amount of charge stored in the lattice after X-ray irradiation, and on the kinetics of 
the decay of the PSL from is to 1.5 hours after photostimulation commenced, which 
gave information about the defect migration processes occurring in the lattice. Finally 
a pulsed laser source was used to investigate the behaviour of PSL on the nanosecond 
timescale, to probe the nature of the electron/hole recombination process. 
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CHAPTER 3 
PREPARATION AND ANALYSIS OF SAMPLES 
A range of samples was prepared in the laboratory to investigate  the charge storage 
and stimulation mechanism in storage phosphor materials. The samples fell into two 
broad categories: the BaFBr host lattice doped with a variety of materials, and a 
series of alkali bromide host materials doped with In and Eu 2 . 
3.1 Description of the samples 
3.1.1 BaFBr doped with the materials KF, KBr, SrF 2 and SrBr2 
This series of dopants was selected to deliberately introduce different types of halide 
vacancy into the BaFBr host lattice. Potassium substitutes into the BaFBr lattice as a 
monovalent ion, and so an anion vacancy must be introduced in order to maintain 
charge neutrality across the lattice. In Kroger-Vink notation this is written: 
KBr —+KBa I  +Brur+VF* 
 
Doping with a potassium salt therefore introduces a large number of F-centre type 
defects into the lattice. In the case of doping with KBr an excess of F(F) centres is 
expected, as shown above, and similarly an excess of F(Bf) centres is expected upon 
doping with KF. 
The effect of doping with the strontium salts is more subtle. Both strontium and 
barium are divalent cations so charge compensation is not necessary in this case. 
Strontium can substitute directly onto a barium site and one of the halide anions will 
substitute onto the equivalent site in the host lattice, i.e. Br on a Br site and F on a 
F site. In the case of the second halide anion, it is probably not very energetically 
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favourable for a F to occupy a Br - site, and the reverse situation is even less 
favourable because there will be an increase in lattice strain since the Br - anion is 
considerable larger than F. Other options available are that the second halide inserts 
itself as an interstitial somewhere in the lattice, or that it occupies one of the vacancy 
sites inherently present in the pure material. Assuming that the BaFBr crystal 
contains a relatively small, but equal, number of F and Br - vacancies prior to 
irradiation; when it is doped with SrBr 2 the second bromide may fill one of these Br 
vacancies. This implies that there will be a small excess of F(F) centres in 
BaFBr:SrBr2 . The reverse would be true for BaFBr doped with SrF 2 . 
3.1.2 Mixed stoichiometry barium fluorohalides 
From Energy Dispersion Analysis by X-rays (EDAX), performed in the Department 
of Geology and Geophysics at The University of Edinburgh, it is thought that 
commercial imaging plates do not simply contain BaFBr:Eu 2 but also a certain 
amount of the iodide, BaFI:Eu 2 , which appears to enhance their storage and 
stimulation properties. However the ratio of bromide to iodide in these commercial 
plates is not known. The results of the EDAX experiment are given in Appendix I. 
A series of mixed barium fluorohalides were prepared which changed gradually from 
the pure bromide (BaFBr) to the pure iodide (BaFI). These materials have the general 
formula BaFIBr i .., where x = 0, 0.25, 0.50, 0.75 and 1. 
The 0.5mol0/o europium doped equivalents of these materials, with the general 
formula BaFIBri :Eu 2 , were also synthesised. 
3.1.3 BaFBr doped with rare earth chlorides 
Eu2 plays the role of an activator ion in BaFBr:Eu 2 . Eu2 emission happens to 
practically coincide in energy with the electron/hole recombination energy in this 
material, and this energy is efficiently emitted as visible light if it is transferred to the 
Eu2 ion subsequent to recombination. Rare-earth doped barium fluorobromide 
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materials were prepared in order to investigate how the properties of the storage 
phosphor were affected by the electronic properties of the rare earth cation. 
Four rare earth chlorides were chosen to dope into the BaFBr host lattice. These were 
LaC13, CeC13 , SmC13 and EuC12. In their trivalent oxidation state they have the 
electronic configuration given in Table 3.1. In Section 2.6.2 it was pointed out that 
other oxidation states are also common for these rare earth ions: Eu 3 and Sm3 are 
found to exist in 	 3+  i materials with an oxidation state of (II); and Ce s often found as 
the tetravalent cation. We therefore assume that when doped into the BaFBr lattice, 
La remains with an oxidation state of (III), Eu and Sm have an oxidation state of (II) 
and Ce of (IV). 
Rare earth Electronic 
ion configuration 
La3 {5s2 5p6 } 4f° 
Ce3 {5s 2 5p6 } 4f' 
Sm3 15s2 5p6 } 45 
Eu3 {5s2 5p6 1 46 
Table 3.1 	Electronic configuration of selected rare earth cations 
3.1.4 Doped alkali bromide materials 
Alkali halide host materials were prepared and studied because they have a more 
straightforward crystal structure than BaFBr, illustrated in Fig. 3.1. Table 2.7 gave 
some of the information obtained from published material on several doped alkali 
halide storage phosphors. In order to study these materials in a more systematic way, 
it was decided to prepare and study a range of alkali bromides; the sodium, 
potassium and rubidium series was chosen because all of their bromides crystallised 
with the rock salt structure. They were doped with mCi and EuC1 2 . 
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Monovalent indium was chosen as a dopant because it has the same oxidation state 
and a similar ionic radius (r(In) = 1.19A, r(Na) = 0.97A. r(K) = 1.33A, r(Rb) = 
2 	 . . 	 2+ I.47A [I]) to the host cations. In +  can be oxidised to In when bound in a crystal 
lattice and so it may act either directly as a hole trap, or be involved in a PSLC in the 
same way as Eu2 in BaFBr:Eu2t 
Europium was doped into the alkali bromides to disturb the charge balance and 
create vacancies in the lattice. Europium exists in these lattices as a divalent cation, 
so in order to maintain charge neutrality in the crystal a cation vacancy must also be 
created. For the case of NaBr this is represented as: 
NaBr 
EuC12 --> EUN2  + VNa'  + 2Cl91 
• 
•1)i) • Be • •.,i, 
• Ba 
Fig. 3.1 	The Matlockite crystal structure of BaFBr and the Rock Salt 
crystal structure of the alkali bromides, as modelled by KBr. 
3.2 Sample preparation: experimental details 
Samples were synthesised by the technique commonly known as 'shake and bake" 
where solid reactants are ground together to form a fine, intimately mixed powder 
and heated in a furnace. 
General equations for the preparation of the doped alkali metal halides and the doped 
barium fluorobromides are given below: 
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k'I TZ II I : 1 
BaF2 + BaBr2 + D -* 2BaFBr:D 
where M = the alkali metal anion (Na, K or Rb) and D = the dopant cation. The 
weight of dopant added to the reaction mixture was calculated to give the required 
mole percentage doping level, usually 0.5mol%. Table 3.2 (on the next page) lists the 
materials that were prepared including the dopant, the level that they were doped to 
(where appropriate) and the furnace temperature during preparation. 
Other samples studied in this thesis were synthesised by Zha [2] but were prepared 
under exactly the same conditions that are described here. 
3.2.1 Barium fluorobromide (BaFBr) preparation 
Anhydrous barium fluoride (Aldrich, 99.99+%) and anhydrous barium bromide 
(Cerac, 99.995%) were ground together with an agate mortar and pestle until 
thoroughly mixed. The powder was transferred to a small graphite crucible (Johnson 
Matthey UPG) and placed in a graphite boat which could hold up to three crucibles. 
The boat was fed into the central section of a Mullite tube fitted with silica end 
pieces that connected to Quickflt glassware, and was heated to the temperature 
indicated in Table 3.2 in a tube furnace which operated to a precision of ±2°C 
(Carbolite, model CTF 1200). Heating was carried out at IO'C/min under a low but 
steady flow of dry nitrogen gas (BOC, 99%) to keep the atmosphere relatively free 
from oxygen and water vapour. The furnace was held at the set temperature for 6 
hours to allow the reactants time to melt and intimately mix. A very slow cooling 
rate of 1'C/min was enforced to allow polycrystalline samples to form. The furnace 
and gas flow system are shown schematically in Fig. 3.2. 
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BaFBr - 1080 
BaFBr:KF 0.50 1080 
BaFBr:KBr 0.50 1080 
BaFBr:SrF2 0.50 1080 
BaFBr:SrBr2 0.50 1080 
BaFBr:EuC12 0.50 1080 
BaFBr:LaC13 0.50 1080 
BaFBr:CeC1 3 0.50 1080 
BaFBr:SmCI3 0.50 1080 
BaFI - 1080 
BaFI0. 72Bro.2 5 - 1080 
BaFI0 50Br0 50 - 1080 
BaFI0 . 25Bro. 75 - 1080 
BaFI:Eu 0.50 1080 
BaFI072Br025 :Eu 0.50 1080 
BaF1050Br050 :Eu 0.50 1080 
BaFI025Br075 :Eu 0.50 1080 
NaBr:InCl 0.23 800 
KBr:InCl 0.56 800 
RbBr:InCl 0.44 800 
NaBr: EuC12 0.32 800 
KBr: EuC12 0.45 800 
RbBr: EuC12 0.50 800 
Table 3.2 	The samples prepared, the doping levels and temperature to 
which they were heated in the furnace. 
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-* To Gas outlet 
Fig. 3.2 	Apparatus for sample preparation 
Polycrystalline samples were required so that small single crystal portions could be 
cleaved if necessary, although for most applications powder samples were sufficient. 
The samples were removed from the furnace when cool and stored in a dessicator 
containing silica gel. 
3.2.2 Rare earth doped barium fluorobromides 
To achieve 0.5mol% doping of rare earths in the crystal lattice, the appropriate 
weight of the rare earth ion was ground up with the BaF 2 and BaBr2 with the mortar 
and pestle. The same procedure as above was followed. The chemicals used in these 
preparations were EuC12 (Aldrich, 99.99+%), LaC13 (Aldrich, 99.99+%), CeC13 
(Aldrich, 99.99+%) and SmC1 3 (Aldrich, 99.99%). 
3.2.3 KF, KBr, SrF2 and SrBr2 doped barium fluorobromides 
These materials were prepared by mixing 0.5mol% of KF (Aldrich, 99.99 0/6), KBr 
(Alfa, 99.999%), SrF 2 (Aldrich, 99.99%) or SrBr 2 (Aldrich, 99.995%) into the BaF2/ 
BaBr2 mixture and following the same procedure as above. 
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3.2.4 Pure and europium doped BaFIBr 1 .. (x = 0.25, 0.50, 0.75, 1) 
The appropriate weights of Ba1 2 (Aldrich, 99.999%) and BaBr2 (for the particular 
value of x) were mixed with BaF 2 and ground together using a mortar and pestle. 
Europium was added in the form of EuCl2 as above to make the 0.5mol% Eu 2 doped 
materials. The preparation of the x = 0 material (BaFBr/ BaFBr:Eu) has been 
described in Sections 3.2.1 and 3.2.2. 
3.2.5 Europium doped alkali bromides 
In a similar manner to the above preparations, 0.5mol% of EuC1 2 was added to ig of 
alkali bromide, ground up with an agate mortar and pestle and heated in a graphite 
crucible under a flow of dry nitrogen in the tube furnace (Fig. 3.2) at the temperature 
indicated in Table 3.2. The alkali bromides used were NaBr (Alfa, 99.9955%), KBr 
(Alfa, 99.999%) and RbBr (Alfa, 99.9%). 
3.2.6 Indium doped alkali bromides 
The indium (I) doped alkali bromides could not be heated in graphite crucibles 
because the boiling point of InCl (608°C) is lower than the melting point of the host 
materials (693 - 747 0C). When the above experimental procedure was followed it 
was found that no In had been successfully doped into the lattice. This was because 
the InCl had boiled off and been carried away by the nitrogen flowing through the 
tube furnace before it was incorporated into the host lattice. To avoid this problem 
the reaction was carried out in a sealed ampoule. 
A mixture of the alkali bromide (NaBr, KBr or RbBr) and 0.5mol% of InCl (Aldrich, 
99.999%) was ground up in a mortar and pestle, transferred to a silica ampoule and 
evacuated on a vacuum line. The ampoule was sealed using a hot blow torch and 
then heated in a tube furnace (as inFig. 3.2, but without the nitrogen flow line) to the 
temperature indicated in Table 3.2. 
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3.3 Sample preparation: characterisation 
The samples were characterised firstly to establish the chemical purity of the host 
lattice and secondly to estimate the level to which they had been doped. 
3.3.1 X-ray Powder Diffraction 
It was important to check that a pure product had been synthesised without the 
presence of additional phases due to unreacted starting materials. The materials were 
run though a powder X-ray diffractometer (Phillips X'pert powder diffractometer run 
in reflection mode using CuK(x radiation: 40kV, 30mA) to check the purity of the 
host material. In all of the materials the concentration of dopant was too small to 
detect using this technique which has an impurity detection limit of 24%. It was not 
necessary to analyse the alkali halides as they had not been synthesised from starting 
materials. 
All BaFBr materials showed the same XRD pattern (these are shown in Appendix II) 
which matched the International Centre for Diffraction Data "JCPDS" database 
record for this material (powder diffraction file number: 24-0090). BaFI also gave an 
XRD pattern that was consistent with the database information (powder diffraction 
file number: 31-0139). 
3.3.2 Inductively Coupled Plasma Optical Emission Spectroscopy 
The exact doping levels obtained in the alkali bromide materials were measured 
using inductively coupled plasma optical emission spectroscopy (ICPOES: Thermo 
Jarrell-Ash, IRIS Plasma Spectrometer). This is a spectroscopic method for 
elemental analysis, similar to flame atomic absorption spectrometry, that uses a high 
energy argon plasma to atomise the sample at a temperature of around 10 000K and 
excite the electrons into higher energy levels [3]. The atomic emissions are detected 
using a CID (Charge Injection Device) camera optical system. One of the major 
advantages of this technique is that the spectra of many elements can be measured 
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simultaneously because most elements give a sharp spectrum from the plasma under 
a single set of conditions. There is low chemical and matrix interference because of 
the high temperature, which means that very small elemental concentrations, such as 
the storage phosphor dopant materials, can usually be measured. 
A stream of electrons is accelerated towards the Ar gas using a radio frequency (RF) 
electromagnetic coil. A spark is used initially to seed the Ar gas stream with 
electrons and bring about ionisation. Thus Ar ions and additional electrons, which 
can further ionise the gas, are produced. Therefore once the gas is highly ionised the 
discharge is stable and self-sustaining as long as the RF field is applied, making the 
plasma inherently very stable over long periods of time. The plasma produces a high 
degree of ionisation resulting in a multiplicity of excitation lines from which to 
choose. 
Samples dissolved in deionised water were introduced into the plasma discharge as 
an aerosol suspended in argon gas. The plasma atomised the sample and excited the 
resulting atoms. Subsequent to excitation, the atoms emitted light at their 
characteristic wavelengths which was detected by an optical system containing a 
prism, a diffraction grating and a CID camera. An electrical current proportional to 
the light intensity was produced by the detector. 
The concentrations of the host and the dopant cations obtained using ICPOES are 
shown in Table 3.3. Unfortunately the group 1 metals are some of the most difficult 
elements to detect at low concentrations and there was no Rb detected in either of our 
doped RbBr samples. Despite using newly purchased standard solutions and using 
two freshly diluted solutions nothing was detected in either of the samples. As a 
rough guide, the average value of the number of moles of the other two host cations 
was used in the calculation of the Rb host cation concentration. The dopant 
concentration of the Rb samples is therefore only quoted to 1 significant figure. 
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Sample 	Average host 	Average dopant 	Conc. of 
cation conc./ppm cation conc./ppm dopant/ mol% 
NaBr:In 72.73 0.84 0.23 
KBr:In 126.5 2.10 0.56 
RbBr:In - 1.575 0.4 
NaBr:Eu 68.23 1.44 0.32 
KBr:Eu 126.5 2.23 0.45 
RbBr:Eu - 2.32 0.5 
Table 3.3 	Results of ICP analysis on alkali metal bromides 
ICPOES analysis was not suitable for the barium fluorohalides as they are not water 
soluble. 
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CHAPTER 4 
ASSEMBLY OF PSL APPARATUS 
4.1 Introduction 
In the past, PSL measurements in the Department of Chemistry at The University of 
Edinburgh have only been carried out from room temperature up to about 65°C using 
a small heating coil attached to a thermocouple to control the temperature. While this 
gave a rough idea of the effect of temperature upon the storage and stimulation 
process, it was considered vital to be able to extend this study to very low 
temperatures. In the low temperature region, migration and other thermally activated 
contributions to the kinetic behaviour of storage phosphor materials would be 
essentially frozen out, and analysis of the resulting kinetics should be more 
straightforward. 
There were several other considerations in constructing the new PSL apparatus. It 
was important to have a flexible arrangement that could easily be modified to 
accommodate other types of experiment in the future, a design where individual 
components could be accessed for maintenance and modification purposes without 
having to disrupt the entire unit and a system which had a larger degree of signal 
stability than the existing apparatus. The final design of the PSL apparatus is shown 
in Fig. 4. 1, and is discussed in detail in the remainder of this chapter. 
Other types of experiment that could be carried out with this apparatus include room 
and low temperature emission spectra (with the inclusion of a monochromator 
between the emission port and the photomultiplier tube (PMT)) or excitation spectra 
(by inserting a variable wavelength light source at right angles to the emission port). 
It should also be possible to insert fibre optic cables into either of the ports to use a 
remote light source or to detect light using a remote PMT. 
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L = Converging lens 
F: = Blue filter (400 +1— SOnm) 
PM1 = Photornultiplier tuhe 
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X-ray source 
Light-tight box 
Fig. 4.1 	Apparatus used to measure Photostimulated Luminescence down 
to liquid helium temperatures, with in situ X-ray irradiation. 
4.2 The Light-tight Box containing the Optical Components 
A box with a stainless steel bottom and aluminium sides measuring approximately 
0.6m x 0.5m x 0.3m, was constructed and painted matt black to minimise internal 
reflections of light. The joins along the side and bottom were sealed with black 
insulating tape. The top of the box was designed to have 5 segments, shown in Fig. 
4.2 and Fig. 4.6 (a), that could be lifted off individually to enable access to separate 
small areas of the box. The joins of these segments were also sealed with black 
insulating tape. The sides of the box had two 100mm diameter ports cut into them 
corresponding to the approximate positions of the windows on the optical cryostat. 
These allowed light to enter and leave as required. A small hole at the side of the box 
was used to feed power cables for the laser and shutter into the box. Black felt and 
black tape were used to prevent outside light leaking through the gaps between the 
cables. 
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600mm 
500mm 
Optional Ports - 
Fig. 4.2 	A plan view of the light-tight box, showing the 5 separate pieces 
that make up the top panel and the position of the optional side 
access ports. 
4.3 The Optical Cryostat 
The PSL apparatus was designed primarily to provide medium and long time kinetic 
information on the stimulation process from room temperature down to liquid helium 
temperatures. 
An Optical Cryostat system (Oxford Instruments continuous flow, top loading 
"Optistat" with an "intelligent temperature control" unit (model 1TC503)) was 
bought for us by BNFL as part of the CASE award for this PhD. The package 
included an automatic valve control transfer tube (model GFS650) and a gas flow 
controller (model VC30). The cryostat itself was fitted with two Spectrosil B Quartz 
windows, which gave 90% transmission of light at wavelengths from the near infra-
red to the ultra violet, and was able to operate from 3.9K to 309K. 
Liquid nitrogen was used as the cryogen for temperatures down to lOOK, but it was 
necessary to use liquid helium (which is considerably more expensive) for 
temperatures below this. Temperature stability to within 1K (and to well within 0.1K 
for temperatures down to 100K) was achieved via the 1TC503 control unit which was 
Hole to accommodate Cryostat 
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located outside the light-tight box. This automatically controlled the opening of a 
value on the transfer tube (regulating the flow rate of the cryogen into the cryostat) 
and the power delivered to a heater element inside the sample chamber. 
Fig. 4.3 	Vertical cross section of the "Optistat" cryostat showing the 
different vacuum sections [1]. 
With the cryostat operational, it was possible to measure low temperature PSL 
signals down to liquid helium temperatures. However, in order to do this, the storage 
phosphor sample had to be irradiated externally at room temperature and transferred 
in the dark to the sample chamber of the cryostat. Then, the sample chamber had to 
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be roughly pumped and refilled with He gas and cooled to the temperature required 
before stimulation could commence. For PSL decay experiments it could easily be up 
to an hour that elapsed between the stopping of irradiation and commencing of 
stimulation. This was clearly both inconvenient and scientifically problematic as PSL 
intensity was being lost due to the stimulation of luminescence by thermal energy 
during the lapse period. 
We therefore fitted a 1 OmCi, 15  Fe X-ray source (Amersham International, model 
IEC 123) to the inside of one of the blank windows of the cryostat, using a small 
locator screw that was inserted in the threaded hole in the back of the source. This 
allowed in situ irradiation of samples at any temperature within the range of the 
cryostat. It was also necessary to be able to shield the sample from the source during 
measurements, so a piece of lead was glued onto the back of the sample rod to stop 
X-rays from hitting the sample when it was not in the irradiation position. Alternate 
irradiation and measurement of the PSL was achieved by turning the sample rod, as 
shown in Fig. 4.4. In the "irradiation position" the sample directly faced the X-ray 
source, and in the "PSL position" it was rotated clockwise through 135° so that it 
could be bathed in light from the HeNe laser and at the same time emit PSL that 
passed through the other quartz window. This meant that the measurement of the 
PSL signal could commence a matter of seconds after irradiation had ceased. For 
safety, the outside of the cryostat was shielded with 51mn thick lead and some lead 
tape was attached to the outside of the black box at the same height as the source. 
There was not found to be any increase from background radiation levels outside the 
cryostat after these precautions were taken. 
The optical cryostat and transfer tube were kept evacuated to approximately 1 	1 0-5 
mbar using a turbo-molecular pump (Edwards) backed by a two-stage oil rotary 
pump (Edwards). A Penning gauge (Edwards) was required to measure pressures of 
this magnitude. 
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(b) Close-up view of sample holder: 	Sample 
_ Sample Rod 
Lead back-plate 
Fig. 4.4 	(a) The sample chamber of the optical cryostat showing the 
positioning of the sample for X-ray irradiation and optical 
stimulation, the X-ray source, the optical pathways and (b) a 
close-up view of the details of the sample holder. 
The sample was mounted on a copper stub which was attached to the sample rod 
using a small amount of Dow Corning silicone vacuum grease, as shown in Fig. 4.5. 
This allowed maximum thermal contact with the sample rod and ensured that the 






Fig. 4.5 	Close up view of the end of the sample rod and the sample stub 
showing the position of the sample and the lead backing to the 
rear of the sample. 
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Fig. 4.6 (a) shows a close-up of the light-tight black box with optical components 
such as the Optistat and the HeNe laser clearly visible, while Fig. 4.6 (b) shows an 
overview of the whole system: the light-tight black box is sitting on the table with the 
Optistat protruding from the top and the PMT at the side. Also on top of the table is 
the turbo molecular pump. On the shelf above the table are the various units that 
Fig. 4.6 	Photographs of (a) the light-tight black box with the cryostat, the 
HeNe laser and other optical components inside and (b) the low 
temperature PSL detection system. 
4.4 The Stimulation Source 
The use of either a HeNe laser or a laser diode as the stimulating light source was 
investigated. 
Firstly, a semiconductor laser was tried (Power Technology Inc., model APM08. 
wavelength set to 632nm, 8mW output) incorporating a bi-polar Peltier junction and 
fan, which enabled the temperature of the unit to be precisely controlled via either 
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slight heating or cooling. When operated at a stable temperature a laser diode should 
display stable wavelength, power output, beam amplitude and noise characteristics. 
In addition, the compact nature of the laser diode, which was less than 60mm in 
length, was seen as an advantage as it could easily be contained within the light-tight 
box. 
However, despite these features, the laser diode did not give a satisfactorily stable 
power output even after it had been left on for a considerable period of time. The 
HeNe laser (Uniphase, model 1124P, ?. = 632.8nm, 4mW output) was found to be 
much more stable than the laser diode and so it was this laser that was fitted inside 
the black box as the photo-stimulating light source. 
4.5 The Luminescence Detection System 
The existing PMT (Thorn EMI, model 9635QB) and high voltage power supply 
(Stanford Research Systems, model PS310, run at 1050V & 0.3mA) were upgraded 
to operate in photon-counting mode after purchasing an amplifier-discriminator and 
counter—timer board (Thom EMI, models AD1F1 and CT1 respectively). This 
method of light detection was considerably better for detecting low light levels such 
as the blue luminescence emitted from storage phosphor materials, because it was 
possible to count the individual photons arriving at the detector. The other mode of 
operation of the PMT involved measuring the output current resulting from cascade 
amplification of electrons inside the tube itself. Table 4.1 illustrates the increased 
sensitivity of photon counting compared to cascade amplification mode. It can be 
seen that a 20-fold increase in the number of photons detected results in only a 3% 
increase in the cascade current produced. 
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No. of photons/ 
	
Current measured! 
counts per 2 secs 	pico Amps 
Background light intensity 	 341 	 1995 
Typical initial PSL intensity 	6772 	 2049 
Table 4.1 	Comparison of sensitivity of photon counting c.f, cascade 
amplification method of measuring light intensity (data taken 
from 300K irradiation and PSL measurements of BaFBr:KF). 
4.6 Other Optical Components 
A home-made manually operated mechanical shutter, turned the laser beam on and 
off at the sample. This meant that the HeNe laser could remain on essentially 
indefinitely, maintaining its stable output power level. 
A 633 ± mm notch filter was used to strongly attenuate other, unwanted, HeNe laser 
lines occurring at different frequencies. A protected aluminium mirror (Elliot 
Scientific, 400nm - l0tm, D = 12.5mm) and a 12.7mm right-angled prism (Ealing 
Electro-Optics) were used to reflect the incoming laser beam by 90°. The beam then 
passed through a dispersing lens (Ealing Electro-Optics, f = 100mm) which spread it 
to a diameter of about 10mm so that the whole of the phosphor sample on the copper 
stub could be bathed in stimulating light. 
The blue light emitted by the phosphor powder was scattered over a wide solid angle, 
but a significant percentage could be collected and focussed into the PMT by placing 
a converging lens (Comar Instruments, f = 100mm) close to the emission window of 
the cryostat. Finally, a set of blue filters situated just before the PMT (Scott BC3, 
400±50nm) reduced the background due to red HeNe laser light. A PC fitted with the 
counter-timer board and associated software was used to record the number of 
photons counted at regular time intervals and the data were stored as ASCII files on 
the PC. 
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4.7 Stability of the System 
The stability of the new PSL apparatus was tested in three ways. Firstly, the 
background light level in the black box was measured with the laser switched off, as 
shown in Fig. 4.7. The room light was found to slightly affect the background light 
value and so all experiments were conducted with the room light switched off. The 
background level was found to be approximately 115 ± 45 counts per 2 seconds 
which was low enough to assume that practically no light was entering the box from 
outside, so the apparatus was effectively light tight. 
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Fig. 4.7 	Background light level with laser switched off. 
The HeNe laser was switched on and its warm-up over the first couple of hours is 
shown in Fig. 4.8. It can be seen that good laser stability was achieved after 
approximately an hour. After this, fluctuations of no more than about 6% were 
observed in the laser power output. 
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Fig. 4.8 	HeNe laser stability over the first couple of hours from switching 
on. 
With the HeNe laser on but the shutter closed, the background light intensity was 
measured and it is shown in Fig. 4.9. The average light level of 100 ± 50 counts per 2 
seconds is within experimental error of that in Fig. 4.7, so it could be assumed that 
only insignificant levels of light from the HeNe laser were reflecting off the black 
walls of the box and entering the PMT. Overall, the average background light level 
with the shutter closed was calculated to be approximately 55 ± 25 counts per 
second. 
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Fig. 4.9 	Background light intensity. 
Finally, it was important to know that when a sample was on the sample rod in the 
"PSL position" it was not being subjected to radiation due to its close spatial 
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proximity to the X-ray source. Undesired exposure to X-rays would result in 
measuring luminescence intensities during PSL that were too high. Fig. 4.10 shows 
that this was not the case, as the luminescence intensity measured for an un-
irradiated Fuji film sample in the PSL position was the same before and after 
installation of the X-ray source. 
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Fig. 4.10 	Comparison of luminescence from un-irradiated Fuji sample in 
"PSL position" in cryostat before and after X-ray radiation 
source installed. 
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CHAPTER 5 
EMISSION AND EXCITATION SPECTRA 
The wavelengths at which different storage phosphor materials luminesce and at 
which they can be stimulated to emit that luminescence provide information about 
the energies of the radiative transitions taking place. This information can assist in 
determining which of the many defect centres found in crystalline materials are 
actively involved in the storage and stimulation process. In addition it is important to 
know, for each material studied, where the stimulation and emission wavelengths 
occur so that these parameters may be optimised during further experimental work. 
5.1 Emission Spectra Experimental Details 
Room temperature spontaneous and photostimulated emission spectra were obtained 
using a conventional spectrofluorimeter (Spex, "FluoroMax"). Spontaneous 
luminescence (SL) is emitted following room temperature thermal excitation of the 
irradiated storage phosphor material, and PSL is emitted following HeNe laser 
optical excitation. The FluoroMax consisted of six main components: the light source 
(a 150W ozone-free Xenon lamp), the excitation monochromator, the coupling 
optics, the sample compartment, the emission monochromator and the detector (a 
blue-sensitive PMT running in photon-counting mode). The Fluoromax is shown 
schematically in Fig. 5.1. 
Powder samples were loaded onto a 13mm diameter aluminium plate covered with 
black insulating tape to minimise background from scattered light. The powder was 
sealed in place using Sellotape. The sample was irradiated with a 90Sr n-source 
(15mCi) for 15 minutes and transferred quickly, and in the dark, to the sample 
compartment of the FluoroMax. For spontaneous luminescence measurements, no 
excitation light was required and the Xenon lamp was switched off. For 
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photostimulated measurements, the excitation spectrometer was set to allow light of 
= 632.8 ± 0.5nm through the slits. This corresponds to the wavelength of the HeNe 
laser used in our own apparatus. A weak stimulating light intensity was used to 
minimise PSL decay during the time that it took to collect the emission spectrum. A 
red notch filter (Schott, 650 ± 50nm) was placed in front of the sample to cut out the 
second order excitation peak and background light. The emission wavelength was 
incremented at a rate of mm per second, and the resulting spectra were exported as 
PC-readable files in ASCII format. 
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Fig. 5.1 	The layout of the Spex FluoroMax spectrofluorimeter. 
Although the FluoroMax offered an extremely convenient way to obtain emission 
spectra, it was not possible to control the temperature inside the sample compartment 
to any level of precision over a substantial period of time. The sample temperature 
will be affected by fluctuations in ambient room temperature and will be raised 
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slightly by extended red light excitation. In order to achieve accurate temperature 
control and to allow emission spectra to be measured at low temperatures we fitted 
our optical cryostat (Oxford Instruments, Optistat, as described in Chapter 4) into the 
sample compartment of the FluoroMax. The red notch filter (Schott, 650 ± 50nm) 
was placed in front of the cryostat to cut out harmonics of the incident red light, and 
a blue band-pass filter (Schott BG-1, 370 ± SOnm) was placed directly after the 
cryostat to remove incident red light scattered from the inside walls of the cryostat 
sample chamber. Finally, very careful optimisation of the position of the sample with 
respect to these beams was carried out. 
5.2 Excitation Spectra Experimental Details 
It was not possible to measure successfully the excitation spectra of storage phosphor 
materials using the FluoroMax spectrofluorimeter. Due to the way that the 
FluoroMax software operates, the spectrometer always scans from high energy to 
low energy (i.e. from 300 to 700nm in this case). Starting the excitation scan at high 
energies immediately starts to deplete all the trap levels. These defects cannot be re-
filled without further exposure to ionising radiation, so by the time the excitation 
scan reaches higher wavelengths most traps will already have been emptied. We 
were unable to reconfigure the software to scan from long to short wavelengths. 
In order to measure the excitation spectra of the storage phosphor materials, we used 
apparatus in the Department of Physics (Laser Photonics Group) at Manchester 
University. This is shown schematically in Fig. 5.2. 
Powder samples were placed in a small disc-shaped depression (diameter = 5mm, 
depth = 1mm) cut out of an aluminium plate and covered with a glass microscope 
coverslip, as shown in Fig. 5.3. They were irradiated for 30 minutes using a CuK X-
ray source (Teltron "Tel-X-ometer", operating at 50p.A) and then transferred to the 
light-tight box in the dark. 
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The excitation source was a tungsten filament white light source provided by an 
ELMO slide projector. A 420nm edge filter (GC420) was used to cut out the UV 
light component and the light beam was reflected into a monochromator (Hilger 
&Watts, D292). The output light was transferred using a fibre optic light guide (Oriel 
77568) to shine directly onto the sample. The angle of the grating, and therefore the 
excitation light wavelength selected by the monochromator, was controlled by a 
stepper motor connected to a PC. 
White light 	Beam steer 
source 
= filter Stepper motor 
Sample 	 I 	Monochromator 
Light guide 
Light-tight 







Fig. 5.2 	The layout of the system used at Manchester University to 




Cut out section for 
powder sample 	
Aluminium plate 
Fig. 5.3 	Sample holder for excitation measurements. 
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Detection was achieved using a PMT (Thom EMI, 9235BQ) running in photon-
counting mode. A broad band filter (Melles Griot 03-FIB-002) and a 400 ± lOnm 
narrow band filter (Ealing, 25.4mrriD) were used in front of the PMT to reduce the 
background due to excitation light. The PC that controlled the stepper motor was also 
used to collect the data from the PMT. All data were corrected to take into account 
the variation in light intensity from the white light source as a function of wavelength 
and the power response of the photodiode that was used to measure the intensity of 
the emitted blue light. 
5.3 Room Temperature Emission Spectra Results 
Emission spectra for the materials prepared in Chapter 3 are illustrated in the 
following sections. The spectra show broad band emission characteristic of emission 
from a range of vibrational energy levels in the excited state (see Fig. 2.8) and/or a 
broad energy distribution of the defect centres in the crystal lattices. Most of the 
spectra fit to 2 Gaussian functions, one centred about 400nm and the other centred at 
longer wavelengths, about 450nm. It is not clear whether this is a real effect or a 
long-wavelength tail due to the speed of the scan (lnms'). However a tail due to the 
speed of the scan should be present for all the samples and it can be seen that the 
strongly emitting samples, such as Fuji and BaFBr:Eu 2 , do not show a long 
wavelength tail. Spectra of these two materials fit well to 1 Gaussian function. 
In BaFBr:Eu2 , the energy of the Eu 2 4f6 5d' -+ 4 transition is very similar to the 
electron-hole recombination energy of the BaFBr host material. As explained in 
Chapter 2, this means that the Eu 2 ion is able to channel this recombination energy 
in a particularly efficient manner. For BaFBr:Eu 2 significant emission via any other 
route is therefore unlikely. It is possible that the other storage phosphor materials 
have emission spectra that fit to a combination of two Gaussian functions because the 
dopant ions in them do not act as efficiently as the Eu 2 ion in BaFBr:Eu2 . As a 
result, contributions from other types of recombination centre become significant, 
e.g. luminescence from recombination at other types of hole trap such as the Vk 
centre or oxygen impurities in addition to the luminescence channelled through the 
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activator ion. The relative contribution from the first and second Gaussian functions 
will depend on the efficiency of the different recombination centres in the different 
materials. 
SL emission intensities cannot be compared to PSL intensities because the 
FluoroMax collection slits were much narrower during PSL measurements, so that 
the amount of scattered excitation light entering the emission detector was reduced. 
5.3.1 Undoped BaFBr, europium-doped BaFBr and commercial Fuji film 
From Fig. 5.4 the effect of doping europium into the BaFBr lattice is very apparent. 
The SL emission spectrum of the undoped material has a long tail at higher 
wavelengths and fits to two Gaussian functions with peaks at approximately 390nm 
and 440nm. However this higher wavelength peak is entirely missing in the emission 
spectrum of BaFBr:Eu2 which has a narrower and more intense emission band. This 
clearly indicates that Eu2 acts as an extremely efficient activator and channels all the 
recombination energy through its Sd - 4f electronic transition, with a characteristic 
emission wavelength in the region of 390nm. 
The PSL spectra show that the higher wavelength contribution to luminescence in 
undoped BaFBr is significantly reduced, though a slight tail is still evident. Again the 
BaFBr:Eu and Fuji samples are more strongly emitting phosphors than the undoped 
material. Looking at Fig. 5.4 and Fig. 5.5, and from the values obtained via Gaussian 
fits that are given in Tables 5.1 and 5.2, it can be seen that Fuji film emits at a 
wavelength that is approximately 1 Onm longer than the emission wavelength of 
BaFBr:Eu2 . In previous work [1] the fact that a longer emission wavelength was 
consistent with an increase in the lattice parameter (known as the Moliwo-Ivey rule) 
was used to explain why BaFI emitted at a longer wavelength than BaFBr, in both 
the undoped and europium doped cases. Here, the longer emission wavelength 
suggests that the active phosphor in the commercial Fuji material is not simply 
composed of BaFBr:Eu 2 , but that another element is doped in. EDAX measurements 
(Appendix I) suggest that the commercial Fuji sample also contains some iodine. 
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Fig. 5.4 	Spontaneous Luminesence Emission Spectra for (a) undoped 
BaFBr, (b) BaFBr:Eu (0.5mol%) and (c) Fuji film. 
Sample 	Centre of FWHM of Centre of FWHM of 
Peak 1/nm Peak 1/nm Peak 2/nm Peak 2/nm 
BaFBr 	390±2 	49±4 	*440±2 	108 ±4 
BaFBr:EuC1 2 	384±1 	30±2 
Fuji film 	395±1 	32±2 
Table 5.1 	Peak shape data for the Gaussian functions fitted to the SL 
emission spectra for the BaFBr, BaFBr:Eu 2 and Fuji materials. 
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Photostimulated Luminesence Emission Spectra for (a) undoped 
BaFBr, (b) BaFBr:Eu (O.Smol%) and (c) Fuji film. 
Sample Centre of 
Peak I/nm 
FWHM of 	Centre of 	FWHM of 
Peak 1/nm 	Peak 2/nm 	Peak 2/nm 
BaFBr *391±2 29±4 	440±2 	134±4 
BaFBr:EuC12 390 ± 1 28 ± 2 
Fuji film 399±1 29±2 
Table 5.2 	Peak shape data for the Gaussian functions fitted to the PSL 
emission spectra for the BaFBr, BaFBr:Eu 2 	and Fuji materials. 
(* indicates the more heavily weighted function). 
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It can also be observed from Tables 5.1 and 5.2 that the PSL emission wavelengths 
of BaFBr:Eu2 and Fuji film are approximately 5nm greater than the SL wavelengths, 
whereas the undoped BaFBr shows no change at all. This may be another effect of 
the inclusion of an activator ion - during photostimulation a slightly higher Eu 
excited state may be accessed prior to recombination. 
5.3.2 Barium fluorobromide doped with KF, KBr, SrF 2 and SrBr2 
The SL emission spectra for BaFBr doped with KF, KBr, SrF 2 and SrBr2 are broad 
peaks with emission bands in roughly the same positions for each of the four 
materials. Since there is no rare earth activator ion present in these materials, it is not 
surprising that they behave in a similar way to undoped BaFBr. All materials have a 
slightly higher contribution from the lower wavelength (relative to the higher 
wavelength) Gaussian function. The broad higher wavelength Gaussian, with its 
large half width, contributes to the tail at lower energies. There are two types of F 
centre present in BaFBr materials, the F(F) and F(Bf) centres, which are known to 
have slightly different excitation energies (Fig. 2.19). They may also result in slightly 
different emission wavelengths which contribute to the 2 Gaussian functions that the 
spectra were fitted to. In europium-doped BaFBr, the electronic transition from the 
excited to the ground state of the Eu 2 ion dominates and so only one Gaussian 
function is required to fit the emission spectrum. 
The PSL behaviour of these materials is rather interesting. The bromide doped 
materials show little difference in emission wavelength from SL emission (just over 
400nm) but the emission wavelength of the fluoride-doped materials appears to shill 
to just below 400nm, at a slightly higher energy than the wavelength where SL was 
observed. For all four materials the contribution from the longer wavelength 
Gaussian fitted function appears to be more significant relative to the shorter 
wavelength peak. It is not clear why photostimulation should result in an increased 
proportion of luminescence via a lower energy recombination pathway than 
spontaneous luminescence. 
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Fig. 5.6 	Spontaneous Luminesence Emission Spectra for the BaFBr:KF - 
SrBr2 (O.Smol%) series. 








BaFBr 390 ±2 49±4 *440±2 108 ±4 
BaFBr:KF *411±2 82±4 465 ±2 113 ±4 
BaFBr:KBr *395±2 70±4 444±2 106 ±4 
BaFBr:SrF 2 *407 ± 2 80 ±4 467 ± 2 109 ±4 
BaFBr:SrBr 2 *409 ±2 82 ±4 469 ± 2 108 ±4 
Table 5.3 	Peak parameters for the Gaussian functions fitted to the SL 
emission spectra for the BaFBr:KF —* SrBr (O.Smol%) series. 
(* indicates the more heavily weighted function). 
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Fig. 5.7 Photostimulated 	Luminesence 	Emission 	Spectra 	for 	the 
BaFBr:KF 4 SrBr2 (0.5mol%) series. 
Sample Centre of FWHM of Centre of FWHM of 
Peak 1/nm Peak 1/nm Peak 2/nm Peak 2/nm 
BaFBr *391±2 29±4 440±2 134±4 
BaFBr:KF 392±2 32±4 443±2 111±4 
BaFBr:KBr 396±2 56±4 *445±2 106 ±4 
BaFBr:SrF2 392±2 38±4 451±2 117±4 
BaFBr:SrBr2 *417±2 87±4 475 ±2 148 ±4 
Table 5.4 	Peak parameters for the Gaussian functions fitted to the PSL 
emission spectra for the BaFBr:KF 4 SrBr (0.5mol%) series. 
(* indicates the more heavily weighted function). 
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In both measurements, but particularly for the SL case, it is observed that the 
emission intensity of BaFBr:KBr is more than a factor of two greater than the other 
materials. In this material, there is an excess of F(F) centres but, since these are not 
considered to contribute to visible PSL emission [2], it is not clear why this material 
should emit more strongly than the others unless it contained a much greater amount 
of the phosphor sample. On inspection of the sample used, this does not appear to be 
the case. 
5.3.3 The rare earth doped barium fluorobromides 
Fig. 5.8 and Fig. 5.9 show the SL and PSL emission spectra for BaFBr in pure form 
and doped with four rare earth chlorides LaC1 3 , CeC13, SmC13 and EuC12. The Eu-
doped material shows an emission band between 385 and 390nm for SL and PSL that 
is narrower and also more intense than the other rare earth materials. 
The most striking feature of the spectra is that SL emission from the Sm-doped 
material occurs in the region of 700nm - at a significantly longer wavelength that SL 
emission from the other RE-doped materials. This emission corresponds closely to 
the value of 690nm that was found to be associated with the 4f 5 5d' —* 4 transition 
in divalent Sm by McClure and Kiss [3]. This suggests that a significant proportion 
of Sm is incorporated into the BaFBr host lattice as the divalent species. From Fig. 
2.20 it can also be seen that Sm2 emission is expected to occur at a much smaller 
energy than Eu2+  emission, and so the Sm2+  ion will not be efficient at channelling 
the electron/hole recombination energy via any of its electronic transitions. 
Unfortunately it was not possible to study the PSL emission spectrum at wavelengths 
greater than 550nm because of the saturating effect of the stimulating 633nm light on 
the detector. 
The Ce-doped material shows emission peaks for SL and PSL that occur at a lower 
wavelength than the undoped material. In BaFC1:Ce, emission was observed to occur 
at 426nm - a much lower energy [4]. Additionally, Fig. 2.20 shows that emission 
from Ce3 is at approximately the same energy as that from Eu 2 . We suggest that 
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Fig. 5.8 and Fig. 5.9 shows Ce3 emission in the form of the 4 0 5d' -> 4f' transition 
and that Lin and Su [4] observed Ce 4 emission of some sort, possibly from a charge 
transfer state. It is not clear in what form the Ce was doped into the BaFC1 lattice in 
the work of Lin and Su (i.e. as the oxide or halide etc.). The intensity of emission is 
enhanced relative to the undoped material in both the SL and the PSL cases, so it 
seems that Ce doping does improve the efficiency of recombination to some extent. 
The SL and PSL emission peaks are significantly broader than in BaFBr:Eu 2 , and 
PSL emission peaks are also broader than in the pure material. These broad spectra 
indicate that neither of these RE cations are as efficient as Eu 2 in channelling the 
recombination energy as activator ions. 
It is surprising that doping with La also increases the intensity of SL and PSL relative 
to the undoped material because it was expected that La 3+  with its 4f ° electronic 
configuration would have no effect on the recombination process. The only 
explanation is that other defect states (for example oxide impurities or defect states 
associated with La3 ) are also present and it is these which are enhancing the 
efficiency of the SL and the PSL processes. 
It has been observed in work carried out by Zba on BaFBr:Sm [1] that distinct peaks 
at 43 mm for SL and 3 88n for PSL occur. These results do not show any evidence 
of divalent Sm which emits at high wavelengths, it appears to be only the trivalent 
species which is present in this case. Conversely, we have observed Sm 2 but have 
not seen any evidence of Sm3 . The only difference between the two experiments 
was that the samples in this thesis were prepared using the anhydrous rare earth 
trichloride materials while the other samples were prepared using the rare earth 
oxides. It seems likely that the SL and PSL activity seen at around 400nm for the Sm 
doped material was due to electron/hole recombination involving hole trap sites 
created as a result of the oxide impurity in the lattice, as well as any role that 
trivalent Sin may have in forming new stimulable defect centres. Only when little or 
no oxygen is present in the lattice does the effect of the divalent Sm become 
apparent. This highlights the important role that oxygen defects play in the storage 
and stimulation process. 
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Fig. 5.8 Spontaneous Luminesence 	Emission 	Spectra for BaFBr:RE 
(0.5mol%) where RE = La, Ce and Sm. 








BaFBr 390 ±2 49±4 *440±2 108 ±4 
BaFBr:La *382±2 67±4 450 ±2 105 ±4 
BaFBr:Ce *360±2 48±4 420 ±2 102 ±4 
BaFBr:Sm 683 ±2 20±4 720±2 20±4 
BaFBr:Eu 384 ± 1 30 ± 2 
Table 5.5 	Peak parameters for the Gaussian functions fitted to the SL 
emission spectra for the rare earth doped BaFBr materials. 
(* indicates the more heavily weighted function). 
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Fig. 5.9 	Photostimulated Luminesence Emission Spectra for BaFBr:RE 
(O.Smol%) where RE = La, Ce and Sm. 
Sample Centre of FWHM of Centre of FWHM of 
Peak 1/nm Peak 1/nm Peak 2/nm Peak 2/nm 
BaFBr *391±2 29±4 440±2 134±4 
BaFBr:La *386±2 64±4 448±2 101 ±4 
BaFBr:Ce *363 ± 2 48 ±4 420 ± 2 93 ±4 
BaFBr:Sm - 
BaFBr:Eu 390 ± 1 28 ±2 
Table 5.6 	Peak parameters for the Gaussian functions fitted to the PSL 
emission spectra for the rare earth doped BaFBr materials. 
(* indicates the more heavily weighted function). 
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5.3.4 The indium doped alkali bromides 
The emission spectra for indium-doped sodium, potassium and rubidium bromide are 
shown in Fig. 5.10. Within experimental error the emission wavelengths for SL and 
PSL are the same, which suggests that it is the same process that leads to the 
emission of luminescence in both cases. Two Gaussians can be fitted to the data - 
one at approximately 425nm and a longer wavelength contribution between 500 and 
460nm, depending on the nature of the host lattice. 
The material KBr:In has been studied by several groups and the PSL emission 
energy has been reported to peak at 430nm [5] and 440nm [6], or to consist of two 
peaks at 430 and 520nm [7] or 435 and 530nm [8]. It therefore seems that even 
within the same research group, slight variations in the spectral characteristics of 
PSL are found. Where two emission bands were observed, it was suggested that the 
shorter wavelength emission was due to luminescence from the In ion (in the form 
of the 5s' 5p' 4 52  transition) and that the longer wavelength emission was from 
self-trapped excitons formed by recombination processes between an F centre and an 
intrinsic hole centre that was not In 2 [7]. Plavina et a! [8] noted that as the lattice 
constant of the alkali halide material increased, the intensity of the lower wavelength 
emission band decreased and the higher wavelength emission intensity increased 
relative to one another. This was also observed in our materials - RbBr:In has the 
largest contribution from the longer wavelength Gaussian which causes the overall 
emission spectrum to have a rather flat-topped appearance. The shorter wavelength 
luminescence ('-425nm) is thought to be primarily due to the 5s' 5p' 5s2 
electronic transition in an excited In ion. 
In KBr:In it has 6een suggested [7] that a triple aggregate of In k, an F centre and a 
hole trap is responsible for the PSL process, in a very similar way to the PSL 
mechanism in BaFBr:Eu2 which involves a PSLC triple aggregate of an Eu 2 ion, a 
hole centre and an F centre. 
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Fig. 5.10 	Spontaneous Luminesence Emission Spectra for the MBr:tn 
(0.5mol%) where M = Na, K and Rb. 
Sample 	Centre of FWHM of Centre of FWHM of 
Peak 1/nm Peak 1/nm Peak 2/nm Peak 2/nm 
NaBr:ln *420±3 55±6 503 ±3 115 ±6 
KBr:In *422±3 53±6 481±3 106±6 
RbBr:In 423 ± 3 49 ± 6 *484 ± 3 92 ± 6 
Table 5.7 	Peak parameters for the Gaussian functions fitted to the SL 
emission spectra for the indium doped alkali bromides. 
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Photostimulated Luminesence Emission Spectra for the AlkBr:In 
(0.5mol%) where Alk = Na, K and Rb. 
Sample Centre of FWHM of Centre of FWHM of 
Peak 1/nm Peak I/nm Peak 2/nm Peak 2/nm 
NaBr:In *426±3 51±6 464±3 75±6 
KBr:In *424±3 49±6 468±3 113 ±6 
RbBr:In 431±3 51±6 *493±3 88±6 
Table 5.8 	Peak parameters for the Gaussian functions fitted to the PSL 
emission spectra for the indium doped alkali bromides. 
(* indicates the more heavily weighted function). 
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5.3.5 The europium doped alkali bromides 
In a similar way to the indium doped materials, the SL spectra for europium doped 
alkali bromides have the same peak positions as their PSL counterparts. SL and PSL 
emission occurs at approximately 420nm with a FWHM in the region of 25nm in all 
cases. This is in direct agreement with the results of Nanto et al who found the PSL 
emission wavelength in KCl:Eu2 to be 420nm with a FWHM of approximately 
30nm [9] and to correspond to the 4 6 5d1 —* 47 charge transfer transition in Eu 2 . 
Although all the spectra were fitted to two Gaussian functions, the contribution from 
the higher wavelength function is very small in each case. This suggests that nearly 
all of the emission in the europium-doped alkali halide materials occurs via the Eu2 
emission route, and that emission from self-trapped exciton recombination involving 
an F centre and an unknown hole trap is minimal. 
Sample Centre of FWHM of Centre of FWHM of 
Peak 1/nm Peak 1/nm Peak 2/nm Peak 2/nm 
NaBr:Eu *424±2 26±4 457±2 69±4 
KBr:Eu *414±2 26±4 448±2 51±4 
RbBr:Eu *419±2 34±4 474±2 91±4 
Table 5.9 	Peak parameters for the Gaussian functions fitted to the SL 
emission spectra for the europium doped alkali bromides. 
Sample Centre of FWHM of Centre of FWHM of 
Peak 1/nm Peak 1/nm Peak 2/nm Peak 2/nm 
NaBr:Eu *428±2 22±4 455 ±2 100 ±4 
KBr:Eu *418±2 	20±4 	432±2 	46±4 
RbBr:Eu *423±2 	18±4 	489±2 	381±4 
Table 5.10 	Peak parameters for the Gaussian functions fitted to the PSL 
emission spectra for the europium doped alkali bromides. 
(* indicates the more heavily weighted function in both tables). 
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Fig. 5.12 Spontaneous Luminesence Emission Spectra for the MBr:Eu 
(O.SmoI%) where M = Na, K and Rb. 
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Fig. 5.13 Photostimulated Luminesence Emission Spectra for the MBr:Eu 
(0.5moI%) where M = Na, K and Rb. 
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5.4 Low Temperature Emission Spectra of Fuji film and 
BaFBr:Eu2 
As the temperature is lowered the population of vibrational levels in both the 
electronic ground state and the excited state will be reduced, and as a result 
excitation and emission peaks will become slightly sharper. It was hoped that by 
reducing the temperature at which photostimulation of the storage phosphor 
materials was carried out, the broad emission peaks observed at room temperature 
would become a bit narrower and it would be more likely that overlapping peaks 
could be resolved. Thus, it should become clear whether the two Gaussian functions 
that the majority of the emission spectra in the previous section were fitted to, came 
from different emission pathways, or whether they were simply an artefact of the 
experimental procedure. In addition, for sharp peaks, any shift in the position of the 
emission wavelength at low temperatures would be easier to observe, and there was 
also the possibility of observing emission from defect species that are only stable at 
low temperatures, e.g. Vk centres. 
Fuji film and BaFBr:Eu 2 (0.5mol%) were the only two materials for which a clear 
low temperature emission spectrum was obtained using the cryostat with the 
FluoroMax spectrofluorimeter. Their spectra are shown in Fig. 5.14, and the peak 
centres and FWHM values from Gaussian fits to the data are given in Table 5.11. 
The room temperature PSL emission spectra in Section 5.3 also show that the most 
intensely emitting samples were Fuji film and BaFBr:Eu 2 . For the other samples, 
weak PSL intensity and high levels of scattered light occurring within the sample 
chamber combined to give a very poor signal-to-noise ratio for the low temperature 
spectra, such that no emission peaks could be detected at all. 
Table 5.11 shows that, in general, at low temperatures the full width half maximum 
of the emission peak has decreased slightly, although this effect was not pronounced. 
For these initial experiments, the temperature was only reduced as far as lOOK - to 
cool any further would have required the use of liquid helium as a cryogen, which 
was considerably more expensive than liquid nitrogen. However, at 100K the amount 
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of thermal energy has only been reduced by a third and it is likely that there is still 
sufficient energy available to populate a significant number of the vibronic levels, 
and so a broad emission is still observed. The position of the centre of the emission 
band does not change for either BaFBr:Eu or Fuji film between 300 and 100K. 
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Fig. 5.14 Normalised low temperature 	PSL emission spectra 	for 	(a) 
BaFBr:Eu (0.5mol%) and (b) Fuji film. 
BaFBr:Eu 2 Fuji film 
Temp/K Peak FWHM/ Temp.! Peak FWHM/ 
Centre/nm nm K Centre/nm nm 
100 393±1 18±2 100 402±1 25±2 
150 393±1 21±2 150 402±1 28±2 
200 394±1 23±2 200 402±1 27±2 
250 393±1 25±2 250 402±1 28±2 
300 393± 1 27±2 300 402±1 30±2 
Table 5.11 	Peak Positions and FWHM values for Gaussian fits to the low 
temperature PSL emission data from BaFBr:Eu 2 and Fuji film. 
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An improved experimental set-up is required so that the emission spectra of even the 
relatively weakly emitting samples can be studied. It should be possible to attach a 
monochromator to one of the ports on the PSL "black box" apparatus and interface it 
with a stepper motor and the data collection software. Once a significant 
improvement in the signal-to-noise ratio has been obtained, it should be possible to 
study emission spectra down to the order of a few Kelvin. This will allow the study 
of emission spectra with less vibromc broadening, which in turn increases the 
probability of resolving spectral features, as well as revealing emissions from species 
that are only stable at low temperatures. 
5.5 Excitation Spectra Results 
In general the excitation spectra of the materials whose preparation was described in 
Chapter 3 did not give well-defined spectra and, for most of them, it was difficult to 
resolve any excitation peaks. The intensity of PSL recorded at the PMT was so weak 
that the level of noise was of the same order of magnitude. This was probably 
because the white light used in these experiments, which was produced by a slide 
projector, was considerably weaker than the Xenon lamp used in the emission 
experiments. 
The series of compounds composed of BaFBr doped with KF, KBr, SrF2 and SrBr2 
are discussed briefly below, together with BaFBr:Eu and Fuji materials; the only 
alkali halide material which had a good enough signal-to-noise ratio to see a peak in 
the excitation spectrum was KBr:Eu. 
5.5.1 Undoped BaFBr, europium doped BaFBr and commercial Fuji film 
Fig. 5.15 shows the excitation spectra for pure BaFBr, the europium doped material 
and the commercial Fuji film, obtained at the Department of Physics, University of 
Manchester. 
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The undoped BaFBr material has two excitation peaks at approximately 500 and 
600nm. which have been widely reported [2, 10, 11, 12, 13] and ascribed [2] to the 
F(Bf) centres - the splitting being due to the non-cubic electrostatic field which the 
F(Bf) centres experience. The Eu 2 '-doped material does not show a distinct peak at 
600nm, only the 500nm peak followed by a long tail. The PSL intensity was also 
much greater for the Eu 2 material than for the pure material, which suggests (as seen 
in Section 2.6.2) that doping Eu 2 into the BaFBr lattice greatly increases the 
efficiency of the photostimulation process. It is possible that introducing divalent 
europium improves the efficiency of stimulation at SOOnm relative to 600nm and as a 
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Fig. 5.15 	Excitation spectra for (a) undoped BaFBr, (b) BaFBr:Eu 
(0.5mol%) and (c) Fuji film. 
The behaviour of the Fuji film is unlike either of these two materials, having an 
absorption peak at much longer wavelengths, between 600 and 650nm. The 
implication of this is that photostimulable traps that lead to Eu 2 emission can be 
excited at lower energies in the Fuji film. It is also surprising that the strong 
stimulation peak at 500nm in BaFBr:Eu2 appears to be completely absent in the Fuji 
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material, unless in. this case the 500nm peak has been swamped by the longer 
wavelength stimulation peak. It was suspected from EDAX measurements that Fuji 
film is not pure BaFBr:Eu2 and also contains elements such as Sr and I. It is likely 
that, in particular, doping F into the BaFBr lattice makes some of the F centre 
electron traps slightly shallower due to a local lattice expansion. Thus, if Fuji film 
contains some F, photostimulation at longer wavelengths relative to BaFBr:Eu 2 is 
expected. It is also possible that there are other halides and possibly other divalent 
cations present in Fuji film that were not detected by EDAX measurements. 
Unfortunately, it was not possible to do further measurements using this apparatus 
(for example to investigate the stimulation spectra of the mixed bromo/iodo barium 
fluorohalides - BaFI 1 ..Br:Eu2 ) because the apparatus was only available to us for a 
short period of time. 
5.5.2 Barium fluorobromide doped with KF, KBr, SrF2 and SrBr2 
The excitation spectra for the materials BaFBr:KF, BaFBr:KBr, BaFBr:SrF 2 and 
BaFBr:SrBr2 (all 0.5mol%) are shown in Fig. 5.16. These materials do not emit as 
strongly as BaFBr:Eu and their excitation spectra have a poorer signal-to-noise ratio. 
Compared to pure BaFBr, their luminescence is also slightly weaker. 
The KF and SrF2 doped materials show two absorption peaks at approximately 500 
and 580nm. These are likely to be due to excitation of the same defect species that 
caused the excitation peaks seen in pure BaFBr (Fig. 5.15), i.e. the F(Br) centres. 
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Fig. 5.16 	Excitation Spectra for the BaFBr:KF -* SrBr2 (0.5mol%) series 
of materials. 
Thorns et a! [2] suggested that both of the excitation peaks that were observed in 
BaFBr:Eu2 (at 495nm and 590nm) were due to stimulation of F(Bf) defect centres, 
other defect centres emitting at much longer wavelengths. This corresponds with 
what we see in Fig. 5.16 as doping KF into BaFBr will create Br vacancies in the 
lattice which can trap electrons to form F(Br) centres upon irradiation. Doping with 
SrF2 will also create Br vacancies though to a lesser extent as it is also possible for 
some of the F ions to go into Br lattice vacancies. Doping with KBr or SrBr 2 on the 
other hand creates F(F) centres (which are not thought to be photostimulable [2] at 
the range of energies used in this experiment) and also, in the case of SrBr2 at least, 
suppresses the number of occupied F(Bf) centres. This helps to explain why we do 
not see any excitation peaks for these materials. 
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5.5.3 The doped alkali bromides 
The only alkali bromide that produced an excitation spectrum using the experimental 
apparatus at Manchester University was KBr. The excitation spectra for KBr:In and 
KBr:Eu2 are shown in Fig. 5.17. 
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Fig. 5.17 	Excitation Spectra for (a) KBr:In and (b) KBr:Eu (0.5mol%). 
The absorption peak for the In doped material occurs (very weakly) at around 
655nm while for the Eu doped material it is at approximately 640nm. KBr:In+  has 
been observed to have a stimulation maximum at 630nm [6]. which was attributed to 
absorption of energy by the F centre. Our results are in agreement with this, because 
the stimulation wavelength is observed to be independent of the dopant ion. The 
KBr:Eu spectrum has a much better signal-to-noise ratio than KBr:In, which suggests 
that Eu2 is more efficient as an activator ion than In in channelling the 
recombination energy through one of its electronic transition. 
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5.6 Conclusions 
In this chapter, the spectral properties of Fuji film and the laboratory synthesised 
storage phosphor materials were investigated, in order to lay the foundations for 
subsequent experimental work. It was found that both the BaFBr:RE materials (with 
the exception of BaFBr:Sm) and the doped alkali halides emitted room temperature 
SL and PSL within the 400 ± 50nm spectral range, which can be detected using the 
PSL apparatus described in Chapter 4. 
None of the materials gave emission spectra as narrow and intense as emission from 
BaFBr:Eu2 . The rare earth cations La and Ce gave improved performance relative to 
the undoped material, but did not rival the Eu-doped material. Eu 2+  (as a result of its 
6  5d 1 -* 4f electronic transition) remains unsurpassed at channelling the 
electron/hole recombination energy. The BaFBr materials doped with the KF, KBr, 
SrF2 and SrBr2 were similar in performance to undoped barium fluorobromide. 
In the alkali bromides, a progression towards longer emission wavelengths was noted 
for the indium doped materials as the mass of the alkali metal increased. The 
europium doped alkali bromides all emitted at 420nm, due to characteristic Eu 2 
emission. Eu2 was therefore seen to be a more efficient activator ion in alkali halide 
host lattices than Ink . 
Low temperature emission spectra were studied to attempt to obtain narrower 
emission bands, so that it was more likely that overlapping peaks could be resolved, 
and emission from less stable species observed. Spectra were obtained for Fuji film 
and BaFBr:Eu2 down to 100K, and a slight narrowing of the broad emission band 
was observed. Unfortunately, due to technical difficulties with the set-up of the 
apparatus, lower temperatures for these and a wider range of samples were not 
reached. 
Limited success was obtained in the investigation of the excitation spectra of these 
materials. The well-known excitation peaks at 500 and 600nm for BaFBr were also 
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seen in BaFBr:KF and BaFBr:SrF2. Surprisingly, Fuji film showed remarkably 
different behaviour from BrFBr:Eu 2 . It was suggested that the presence of ions such 
as Sr2 and in the lattice reduced the depth of the stimulable traps in Fuji film. The 
intensity of excitation spectra of doped alkali halides was too weak to be studied in 
detail, except for KBr:Eu2 where an excitation peak was observed at 635 ± 5nm and 
ascribed to excitation of the F centre electron. 
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A wide range of materials will glow when they are heated to high temperatures. 
Other than incandescence (also known as thermal radiation, red-hot glow, or black 
body radiation), this glow may be due to thermo luminescence (TL). These two 
processes may be easily distinguished by a second heating of the sample to the same 
temperature: only the incandescence will re-occur. 
Thermo luminescence in insulating materials can arise from the presence of trapped 
charge within the band gap of the material. Upon heating, trapped electrons are 
promoted to the conduction band, and the resulting increase in mobility facilitates 
recombination with holes trapped at other defect sites within the material. If this 
recombination occurs radiatively we observe thermo luminescence from the material. 
The three essential ingredients for TL to occur are therefore that (i) the material must 
have a band gap containing defect trap states (hence insulators and semiconductors 
exhibit TL, but metals do not), (ii) the material must have absorbed energy by 
exposure to ionising radiation in order to create/fill these defect states, and (iii) the 
luminescence must be triggered by heating the material, and once heated it must not 
be re-stimulable by going through a second heating cycle unless it has been further 
exposed to radiation. 
TL samples are typically heated to several hundred degrees which is sufficient 
thermal energy to empty even the deepest trap levels. This means that the energy 
levels of practically all of the defects present in the material may be probed, resulting 
in an extremely detailed picture of the defect structure of the crystal lattice. 
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Many minerals found in geological rock samples exhibit TL because they contain 
very deep defect energy levels with extremely long lifetimes that have been 
populated over a long period of time by exposure to natural radioactivity and cosmic 
rays. For this reason TL can be used to date various types of samples from antiquity, 
for example pottery. It is assumed that all the defect levels in the minerals that 
constitute the clay were emptied and the luminescence "clock" was essentially set to 
zero when the pottery was last raised to a high temperature (whether during firing in 
production or during its use in an oven). Thus, any defect levels present today in the 
sample will have built up subsequent to this heating and the intensity of the TL signal 
will be approximately proportional to the accumulated radiation dose received, and 
hence also to the time elapsed [1, 2, 3]. Some ancient monuments have also begun to 
be dated in this way. When rock was quarried to produce building blocks for the 
construction of ancient monuments, a fresh surface of the stone was exposed for the 
first time to the atmosphere and to background radiation. By comparing the TL 
signal at the surface with that from the interior of such a block, estimates of the ages 
of various monuments have been obtained [4]. 
However, the exact nature of a TL signal will depend crucially on many parameters 
such as the precise concentration and nature of defects and impurities in the sample, 
the heating rate used and the thermal history of the sample (which is largely 
unknown in the context of dating) [5]. In general it is only for crystals grown in the 
laboratory, under carefully controlled conditions with respect to the nature and 
concentration of impurities, that accurate details about the defects can be obtained. 
In this chapter, data from TL measurements on several storage phosphor samples are 
discussed. The ability of storage phosphor materials to "store" charge is related to the 
nature and concentration of defect levels within the material, as discussed in Chapter 
2. TL is a very sensitive technique which, in principle, will uncover all the of defect 
levels present within a material. In practice, however, this high sensitivity means that 
the TL signal is influenced by so many factors (including trace amounts of impurity 
materials) that it is often not possible to be able to identify and assign every TL peak 
to a known defect. In these experiments it was hoped that this technique could at 
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least help to identify several of the defect levels in the storage phosphor materials 
and to asses how their relative concentrations changed as the composition of the 
storage phosphor was altered. As described in Chapter 3, the samples in this thesis 
were prepared to a high level of purity, with reagents stored under an argon 
atmosphere in a glove box and the preparation carried out under a flow of dry 
nitrogen. As far as possible, samples of the same weight were used for TL 
measurements and each sample was exposed to the same radiation dose. The same 
heating rate was used in each case. 
6.2 Theory of TL Glow Curves 
Many of the principles involved in TL are similar to PSL, except in this case the 
stimulant is heat as opposed to light. Upon raising the temperature of the sample 
similar spectra are obtained to those observed in PSL. However, due to the Frank-
Condon factor, the light energy required to efficiently stimulate an electron from its 
ground state to an excited state is much greater than the heat energy needed to reach 
the same excited state. This is because photo-excitation takes place much more 
rapidly than thermal excitation, and the lattice has much less time to relax during the 
detrapping process. It can be shown that the optical and thermal energy (E0 and E 
respectively) are related according to Eq. 6.1 [6, 7]: 
E 	k 
	 (6.1) 
where k0 is the dielectric constant at frequencies corresponding to that of the 
detrapping radiation and k is the static dielectric constant. 
As discussed in Chapter 2, the irradiation of storage phosphor materials (or any other 
inorganic insulator) by a, P, -y-rays, X-rays or UV light results in an absorption of 
energy which is generally much greater than the band gap. This brings about 
ionisation of valence electrons, creating free electrons in the conduction band and 
holes in the valence band, as shown in Fig. 6.1(i). These charge carriers may either 
recombine with each other promptly, become trapped or remain free in their 
respective delocalised bands for a short while longer. 
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The trapping of charge at localised defect states resulting from impurities and other 
lattice defects is beneficial because recombination across the band gap via a defect 
state (band-to-centre recombination) has a much greater probability than 
recombination from the conduction band to the valence band (band-to-band 
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Fig. 6.1 	Energy level representation of thermoluminescence showing (1) 
the irradiation, (ii) the storage and (iii) the heating processes. T 
and L represent the electron and hole trapping centres 
respectively [8]. 
Recombination takes place via the annihilation of the trapped holes by free electrons 
once sufficient thermal energy is available to excite the electron into the conduction 
band (Fig. 6.1 (iii)). If this transition has a high radiative transition probability then 
luminescence will result. The free electrons may also become re-trapped, in which 
case recombination can only take place if these trapped electrons absorb enough 
energy to be released back into the conduction band, from where recombination is 
once again possible. The probability per unit time p of the release of an electron from 
its trap is given by Eq. 6.2 (the Arrhenius equation): 
P= r =sexp(-E/kT) 	 (6.2) 
115 
Chapter 6— Thermoluminescence 
where E is the trap depth (the energy difference between the trap and the bottom of 
the conduction band) and s is the frequency factor or the "attempt-to-escape" 
frequency, which can most usefully be thought of as the number of times that a 
bound electron interacts with the lattice phonons, multiplied by a transition 
probability. These are the parameters which are most important in relating a TL plot 
to the defect structure of a material. The other parameters are r, which represents the 
trap lifetime (the average time spent by the electron in the trap), k which is the 
Boltzmann constant, and T which is the temperature at which the transition occurs. 
Once in a trap the electron will remain there until it is "shaken out" by the lattice 
vibrations. As the temperature is raised the mean of the vibrational density of states 
moves to a higher energy, and the probability of the electron being ejected increases 
so rapidly that within a fairly narrow temperature range the situation changes from 
the electrons being firmly trapped to being released to the conduction band. 
Described more rigorously, it can be seen from the above equation that if the trap 
depth is very large with respect to the temperature (i.e. E>> kT) then the electron 
will remain trapped for a long period of time (p -), 0). This non-equilibrium situation 
results in a large population of trapped electrons, and an equal population of holes, 
which will exist for a period of time governed by the parameters E and s. By raising 
the value of kT relative to E, the probability of detrapping p will increase and the 
electrons will now be released more efficiently into the conduction band. 
Thermo luminescence - as well as a release of energy in the form of heat - results 
when the free electrons recombine with the trapped holes. The intensity of the TL, 
1(t), at any time during the heating is proportional to the rate of recombination of 
holes and electrons. If nh  is the concentration of trapped holes then: 
1(t) = -dn,/dt 	 (6.3) 
The relationship between 1(t) and flh  for a constant heating rate 8 is shown in Fig. 6.2. 
As the electron traps are progressively emptied the rate of recombination decreases 
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and this TL intensity decreases accordingly. This produces the TL peak, which is 
known as a glow curve. 
1:31 
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Fig. 6.2 	Time dependence of TL intensity, 1(1), the number of trapped 
holes at the recombination centres, flh,  and temperature T, [1]. 
The gradient P of the slope is equal to the heating rate. 
6.3 Analysis of TL peaks 
The analysis and interpretation of TL results is not necessarily straightforward, due 
to the many phenomena that can influence the shape of the glow curve. Therefore a 
detailed study of the defect structure of materials using only TL information is 
difficult [1]. For example, it might initially be assumed that if a link between the 
concentration of a defect and the intensity of a specific TL peak can be found, then 
that particular defect is responsible for that peak. However a TL peak results from 
the interaction between two centres: the electron trap and the recombination centre; 
and either one of these species may actually be responsible for the peak. The peak 
intensity will depend on the change in concentration of the less abundant centre. 
There is therefore a danger, for example, that if the concentration of an electron trap 
is being varied and no effect noticed on the intensity of the TL peak, that this is 
because the concentration of the recombination centre is much smaller and remains 
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constant throughout. Also, it must be remembered that in a sample where many 
different types of trap are present, competitive effects will occur. For example, if a 
defect A competes with defect B then increasing the concentration of A may reduce 
the TL due to B despite the fact that the concentration of defect B is unaltered. The 
upshot of this is that only broad relationships between defects and peaks can be 
sought. 
From analysis of TL data it is possible to deduce the energy levels of charge traps 
and the frequency factors associated with those traps. Two methods that are 
commonly used in glow curve analysis are the initial rise method [1, 9, 11] and peak 
shape analysis [1, 9, 12]. 
The initial rise method assumes that the first part of a TL peak is exponentially 
dependent on temperature according to: 
1(t) = c exp(-E/kT) 	 (6.4) 
where c is a constant of proportionality, E is the depth of the trap, k is the Boltzmann 
constant and T is the temperature [1]. This assumption comes about because very 
little dc-trapping is likely to have taken place if the sample temperature is low 
enough. It can be seen from Eq. (6.4) that a plot of lnI(t) against 1/T will give a 
straight line with gradient equal to —Elk. The portion of the rise that is valid for initial 
rise analysis is typically not more than 10-15% of the maximum intensity, and this 
method clearly works best when the peak is well defined and separated from the 
other peaks. 
The peak shape method uses three points from the glow curve - usually the peak 
maximum (Tm) and the low and high temperature half-heights (TI and T2 
respectively) - and calculates the depth of the trap from the following equation: 
E = Cy(kTm2/7) - b/2kTm) 	 (6.5) 
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where y is either co (= T2 - TI), r(= T. - Ti) or 8 (= T2 - Tm) and b and c are 
constants which have values that depend on the symmetry factor fig = &CA which 
varies according to the order of the peak [9]. This method of analysis can be very 
accurate, but it is extremely sensitive even to small inaccuracies in the values of T1, 
T2 and Tm. In particular, it is experimentally very difficult to obtain a clean 
descending part of the peak. 
From the glow curve of the storage phosphor Ba 2B509Br:Eu [10] shown in Fig. 6.3, 
Meijerink and Blasse calculated the thermal trap depths of the two peaks at 330 and 
415K, using both methods of glow curve analysis, to be 0.70eV and 1.16eV 




Fig. 6.3 	Glow curve of X-irradiated Ba 2B5O9Br:Eu, for 420nm emission 
1101. 
The value of the frequency factor s could also be estimated for both peaks. Room 
temperature dark decay (or SL) data, which was most likely to be dominated by the 
lower temperature (330K) peak, was used to estimate an SL decay lifetime r for the 
first few hours. The frequency factor s corresponding to this peak was calculated 
from the Arrhenius equation (Eq. 6.2). For the 415K peak, no lifetime value was 
available because the trap was too deep to contribute to the dark decay at room 
temperature and so, assuming that the TL process followed first order kinetics, the 
following equation was used to calculate the frequency factors [10]: 
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S = /3[E/kTm2]exp(E/kTm) 	 (6.6) 
where the variables have the same meaning as in Eq. 6.2. In addition, Tm is the 
temperature at which the peak maximum occurs and /3 is the rate of heating. The 
values of the frequency factor for the low and high temperature peaks were estimated 
to be of the order of 108  and 1012  s_ i respectively. 
From the results of these calculations, Meijerink and Blasse deduced that the 
mechanism of charge storage and thermal stimulation in this material was based 
upon the monomolecular model (involving tunnelling as opposed to the promotion of 
electrons to the conduction band), primarily because the value of the symmetry factor 
was very close to the value of 0.42 expected for first-order kinetics. 
In the experiments described in this chapter, analysis using the initial rise and the 
peak shape methods was not carried out. In many cases, it was difficult to resolve 
individually the different trap components from the overall TL glow curves. Instead, 
a qualitative comparison between the different materials was made rather than 
calculating quantitative information about specific traps. The Meijerink and Blasse 
experiment is, however, a good example of how TL measurements can be used to 
make more precise calculations. 
6.4 Apparatus 
Purpose-built apparatus in the Department of Physics at The University of 
Edinburgh, which is shown schematically in Fig. 6.4, was used to measure the 
intensity of the luminescence emitted by several storage phosphor samples as they 
were heated from room temperature to approximately 650K [13]. 
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Fig. 6.4 	Schematic diagram of the TL apparatus 161. 
A polycrystalline sample of the storage phosphor, weighing approximately 0.008g, 
was secured onto a 12mm diameter aluminium disc using a small amount of Dow 
Corning silicone grease and set in place on the heater stage. TL emitted by storage 
phosphor samples is generally much brighter than TL from the geological samples 
usually studied using this apparatus, and so polycrystalline lumps were used in 
preference to powder samples to avoid contamination of the rig. The samples were 
irradiated by swinging a shielded 90Srfl°Y a-radiation source' (Amersham 
International, type S1F1177, 4GBq) into position over the heater. A controlled 
radiation dose (90mGy s) was applied to the samples for 3-30s, depending on the 
sensitivity of the sample. After irradiation, the source was swung away and replaced 
by a photomultiplier tube (PMT) with two band-pass filters centred in the blue part 
of the spectrum (Corning 7-59 (70% transmission for the range 370 ± 40nm) and 
Schott BG 39 (95% transmission for the range 465 ± 75nm)). The sample chamber 
was evacuated for a couple of minutes to reach a pressure of approximately 0. 15 Torr 
and re-filled with nitrogen gas for measurement of the glow curves. The heating rate 
was approximately 5.7Ks' and was determined accurately by means of a calibration 
Sr-90, with a half-life of 28 years, is a commonly employed radio-isotope for 3 irradiation. However 
it is the daughter nucleus, Y-90 (which has a half-life of 64 hours), that actually provides the 3 dose. 
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run carried out using a thermocouple connected to the heating stage. The glow curve 
was recorded by a BBC Master computer and the files were subsequently converted 
to PC-readable ASCII format. 
The contribution to the detected light intensity from incandescence (or black body 
radiation) was measured by running a glow curve before the sample had been 
irradiated. Incandescence was found to be negligible in magnitude compared to the 
TL signal, so no further corrections were necessary. 
6.5 Results 
Table 6.1 summarises some of the experimental conditions and the approximate TL 
peak positions that can be seen from Figs. 6.5 to 6.12 later in this chapter. For 
simplicity, experimental error values are not shown in Table 6. 1, but are given in the 
individual tables corresponding to each of these figures. 
It is possible to obtain the positions of the TL peaks in a variety of ways. The most 
straightforward of these is to use the temperature at which the maximum TL intensity 
was reached. By this method, it is difficult to obtain the positions of peaks that form 
shoulders on more intense peaks and it is easy to miss peaks that overlap. Secondly, a 
differential plot of the original glow curve may be used, because the gradient will be 
close to zero, or substantially reduced, where the TL peaks occur. This makes it 
easier to locate the position of shoulders on glow curves, but it is still difficult in 
some cases to resolve several overlapping peaks. Finally, a graphical software 
package (e.g. MicroCal Origin v3.7) may be used to fit the glow curve to Gaussian 
line shapes, obtaining the peak positions, intensities and half-widths from the fit 
parameters. However TL peaks are not generally perfect Gaussians, so caution must 
be applied in the interpretation of these results. For example, a good fit to a TL peak 
may be obtained using 2 Gaussians, which implies that there are two defect species 
contributing to that peak, but it is also possible that the peak is simply asymmetric in 
nature and only arises from one defect species. 
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BaFBr:KF 0.0085 3 3000 370 397(s) 	570 
BaFBr:KBr 0.0089 3 50000 405 	456 	625 
BaFBr:SrF2 0.0065 3 1400 362 397(s) 	574 
BaFBr:SrBr 2 0.0084 3 20000 362 397 	565 
BaFBr:Eu 0.0081 3 300000 414 	575 
BaF1 114Br314 :Eu 0.0084 3 550000 418 	583 
BaF1 112Br 112 :Eu 0.0089 3 600000 337(s) 406 	553 
BaF1 314Br 114 :Eu 0.0093 3 600000 337 418 476 	516 
BaFI:Eu 0.0067 3 400000 412 	452 	515 
BaFBr 0.0080 3 50000 368 401(s) 	425 	549 
BaFI 114Br314 0.0085 3 180000 336 415 	525 
BaFI 112Br 112 0.0098 3 300000 372 405 
BaFI314Br 114 0.0085 3 300000 342 393 
BaFI 0.0086 3 250000 360(s) 	419 	469 
BaF08Br12 0.0084 3 30000 336 398 	556 
BaF09Br11 0.0089 3 50000 337 402 	575 
BaF 10Br, 0 0.0096 3 4000 333 367 403 	570 
BaF 11Br09 0.0087 3 4000 332 373 	398 	592 
13012Br08 0.0085 3 5000 333 373 	412(s) 	589 
BaFBr:La 0.0085 3 3000 383 456 
BaFBr:Ce 0.0084 3 10000 372 484 	514 
BaFBr:Sm 0.0081 30 20 -450 
BaFBr:Eu 0.0081 3 300000 414 	575 
SrFC1:Eu 0.0105 3 500000 378 
SrFBr:Eu 0.0059 30 25000 366 496(s) 539 596(s) 
SrFI:Eu 0.0072 3 200000 378 422 448 
Fuji film -2mm2 30 600 356 456-537 	601 
Table 6.1 	Experimental parameters for the TL experiments: the size of the 
polycrystalline lump, the 3 irradiation time, the intensity of the 
largest peak and the approximate positions of the peaks on the IL 
plot (s indicates a shoulder on a larger peak). 
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6.5.1 Barium fluorobromide doped with 0.5moI% KF, KBr, SrF 2 and SrBr2 
The TL plots shown in Fig. 6.5 for BaFBr:KF. KBr, SrF 2 and SrBr2 all show a broad 
high temperature peak, and at least one low temperature peak. Table 6.2 gives the 
positions of the TL peaks obtained by fitting Gaussian functions to the data. It has 
been suggested that the broad high temperature peak could be due either to the 
migration of charged defects through the lattice [6, 14] or to clusters of defects - for 
example M, R, and N centres (see Section 2.4.1) - which would form deeper traps 
than individual centres [15]. The low temperature peaks give information about the 
amount of charge stored at specific trap sites in the host lattice, and the energy levels 
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Fig. 6.5 	Glow curves for BaFBr:KF, KBr, SrF 2 and SrBr2 (0.5mol%). 
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Sample 	Peak 1/K 	Peak 2/K 
BaFBr:KBr 	380 ± 3 	 405 ± 3 
BaFBr:KF 	370±3 	 410± 3 
BaFBr:SrBr2 	362 ±3 	 397±3 
BaFBr:SrF2 	362 ±3 	 397±3 
Table 6.2 	Centres of principal TL peaks in BaFBr:KF, KBr, SrF 2 and SrBr2 
(O.5moI%). 
The bromine-rich materials have a higher average atomic mass than the fluorine-rich 
materials which means that they capture more of the X-rays and are better at storing 
charge. This explains their much greater integrated TL signal. (It is, however, 
important to note that this does not necessarily imply that this charge will be 
photostimulable). In addition, for the bromide-doped materials - and BaFBr:KBr in 
particular - an excess of the deeper fluoride F centre vacancies is created, which will 
efficiently store the electrons trapped subsequent to X-irradiation. Doping with KF 
and SrF2 reduces the total number of defects in the crystal more so than the KBr and 
SrBr2 doped materials. This is because of the smaller size of the fluoride anion - it 
will be harder to fit SrBr 2 into the lattice than SrF 2, and so more vacancies of the F 
type are expected. 
Samples doped with potassium halides have a significantly stronger TL signal than 
those doped with the corresponding strontium halide in both cases. Potassium is a 
monovalent ion introduced into a divalent site in the BaFBr lattice, which means that 
in order to maintain charge neutrality across the lattice, an anion vacancy must also 
be introduced, i.e.: 
BaFBr 
KBr 	> KBa' + BrBr + VF 
Doping BaFBr with a potassium salt therefore introduces a large number of F centre 
type defects into the lattice. In the KBr doped material we expect an excess of F(F) 
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centres as shown above and, in a similar manner, an excess of F(Bf) centres in the 
KF doped material. This suggests that the 370K peak in the TL glow curve of BaFBr 
doped with KF is due to F(Br) centres with the small shoulder just over 400K 
representing the F(F), and the 405K peak in the TL glow curve of BaFBr doped with 
KBr is due to F(V) centres (we cannot resolve a lower temperature peak here). This 
result is consistent with the fact that F(Bf) centres are considered to provide 
shallower electron traps than F(F) centres [16]. 
Materials doped with strontium salts show smaller TL peak intensities because the 
generation of halide vacancies does not occur to the same extent when a divalent 
cation is substituted into the host lattice. However, both of the strontium halide 
doped materials show peaks in the F(Bf) and F(F) positions and it is probable that a 
small amount of additional vacancies may be created within these materials, as 
discussed in Chapter 3. When SrBr2 is doped, one of the bromide anions will occupy 
a bromide lattice site, but if the other one to occupies a fluoride lattice site a degree 
of lattice strain will result 2 . This energy cost suggests that a significant proportion of 
fluoride vacancies will not be filled, dependent on the Boltzmann factor at a 
particular temperature. Alternatively, the bromide ion may occupy an interstitial site 
or a bromide vacancy elsewhere in the lattice, which means that some of the fluoride 
sites will remain unfilled and will be able to trap electrons forming F(F) centres. 
Conversely, when SrF 2 is doped into barium bromofluoride a small number of F(Bf) 
centres may result, because despite the fact that there is not a lattice strain problem, it 
may still be energetically more favourable for the fluoride to occupy another fluoride 
vacancy site. According to this reasoning, fewer F(Bf) centres from SrF 2 doping 
than F(F) centres from SrBr2 doping would result, which corresponds with the glow 
curve for BaFBr:SrF2 being weaker than that for BaFBr:SrBr2. 
2  It can be recalled (Table 2.1) that the ionic radius of B( is 1.96A, compared to 1.33A for the F anion 
[17]. 
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6.5.2 The mixed ratio barium fluorobromide series (BaF 2..Br1) 
For the members of the series of compounds BaF 2 Br, (x = 1.2, 1.1, 1.0, 0.9 and 0.8) 
we can see three low temperature TL peaks in Fig. 6.6 in addition to the broad high 
temperature peak. The peak positions obtained from fitting 4 Gaussian functions to 
the TL plots are shown in Table 6.3. 
Sample 	Peak 1/K Peak 2/K Peak 3/K Peak 4/K 
(high temp.) 
BaF0813r 12 	340 ± 3 	- 	395 ± 3 	563 
BaF09Br11 	335 ±3 	365 ±3 	400±3 	568 
BaF 10Br 1 . 0 330±3 365 ±3 400±3 569 
BaF 11 Br09 335 ±3 370±3 405 ±3 -606 
BaF 12Br08 335 ± 3 375 ± 3 405 ± 3 588 
Table 6.3 	Peak positions from TL Glow curves of the BaF 2 ..1Br materials. 
The glow curves with the highest TL intensity are again from those materials which 
have a bromine excess, resulting in a higher proportion of F(F) centres. This was 
observed and rationalised in Section 6.5.1, where doping the BaFBr lattice with KBr 
and SrBr2 produced the glow curves that gave the highest TL intensities. 
As the F:Br ratio increases up to unity the 400K peak decreases rather dramatically 
in intensity. For the same reasons as discussed in the last section, when there is more 
Br than F in the lattice we would expect to find a large number of F(F) centres in the 
material. So, the largest peak in the x = 1.2 sample (the 400K peak) is likely to be 
due to F(F) centres. This peak decreases as the F:Br ratio increases and the number 
of F- vacancies in the lattice is reduced. 
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Conversely, for the latter three plots where the amount of F is increasing relative to 
Br, we see an increase in the intensity of the middle peak at 370K and the lowest 
peak at 335K. This will be due to F(Br) centres in a lattice which contains an 
increasing excess of F. The increase in the F(Bf) peak is less pronounced than the 
F(F) peak. The excess F ions are able to fit onto Br lattice sites without lattice strain 
because they are smaller. It is possible that the total amount of vacancies produced is 
fewer than in the corresponding case of excess Bf, because some of the F are able to 
go onto Br- sites. 
This assignment of the 370K peak to the F(Br) centres and the 400K peak to F(F) 
centres agrees with the peak assignments in Section 6.5.1 and agrees in principle 
with the TL glow curve obtained for BaFBr by Reddy et al who observed TL peaks 
at 338, 369, 408 and 465K [18]. 
It is more difficult to say what happens to the low temperature peak at 335K. It 
would appear to be related to the F(Br) centre as its intensity changes in a similar 
way to the 370K peak. Reddy et al suggested that the TL glow peak they observed at 
338K from BaFBr was due to detrapping of electrons from unspecified impurities 
[18]. Whilst this assignment is valid, it is also somewhat vague, and we suggest that 
both the 335 and the 370K peaks are due to species containing F(Bf) centres, where 
a slightly lower energy may occur for a situation where a Br vacancy is situated next 
to a vacancy on a metal ion site. Such a metal ion vacancy would be suppressed by 
doping with the potassium halides which have a higher metal-to-anion ratio than the 
host lattice. 
Finally, it can be observed from Fig. 6.5 and 6.6 that in the highly bromine-rich 
materials (i.e. BaFBr:KBr and BaF 0 . 8Br i .2) which have the largest number of F(F) 
centres, there is evidence of a peak at approximately 460K. It is likely that this peak 
can be assigned to aggregates or clusters of F(F) centres which are known to occur at 
higher temperatures than a solitary F centre [15]. 
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6.5.3 The BaFI1 . 1Br,, series, where x = 1, 0.75, 0.50, 0.25 and 0 
The TL glow curves for barium fluorohalide materials with a mixed iodide/bromide 
composition were recorded and the results are shown in Fig. 6.8. These materials 
have the general formula BaFI 1 ..Br (x = 1, 0.75, 0.50, 0.25, 0). The positions of the 
TL peaks which were calculated by fitting Gaussian functions to the data are given in 
Table 6.4. 
Sample Peak 1/K Peak 2/K Peak 3/K Peak 4/K 
BaFBr 365 ±3 395 ±3 425 ±3 555 ±3 
BaFI025Br075 330 ± 3 380 ± 3 420 ± 3 525 ± 3 
BaFI050Br050 340 ± 3 390 ± 3 420 ± 3 - 
BaFI075Br025 335 ± 3 395 ± 3 430 ± 3 440 ± 3 
BaFT 365 ±3 405 ±3 465 ±3 565 ±3 
Table 6.4 	Peak positions obtained from fitting Gaussian curves to the TL 
data from the storage phosphors in the BaFI1..Br 1 series. 
The main difference between the TL measurements made here and those looked at in 
the previous sections is that in these materials it is the chemical composition of the 
host lattice that is changing, as opposed to the concentration or nature of a dopant. A 
more complex range of defects can be expected from materials which now involve a 
mixture of fluoride, bromide and iodide anions. It seems reasonable to assume that a 
more widely varying peak energy distribution could be expected for the same type of 
defect because the environment around it will change as the composition of the 
lattice changes. This corresponds to the particle in a box model of the F centre, where 
going along this series changes the diameter of the box. For this reason allocation of, 
for example, the 340K peak in BaFI050Br0 . 50 and the 370K peak in BaF 11 Br0 .9 to the 
same defect species may not be unreasonable. 
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Fig. 6.7 	Glow curves for BaFI 1 ..Br, where x = 1, 0.75, 0.50, 0.25 and 0. 
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The overall intensity of the glow curve maximum is seen in Fig. 6.6 to increase as 
the amount of iodine in the sample increases, up to the x = 0.5 material. After this, 
the maximum intensity is more or less constant. The incorporation of even a small 
amount of iodine into the lattice enhances the storage ability of the material because 
iodine has a higher atomic weight than bromine and can therefore capture more X-
rays. 
The lowest temperature peak occurs at temperatures between 365 and 330K in these 
materials. It can be recalled that in nearly all of the materials looked at up until now a 
peak was seen at 370K and assigned to the F(Bf) centre. Also, a peak at 335K was 
observed in some of the BaF2Br materials and assigned to recombination from 
electrons trapped at F(Bf) centres next to a metal cation vacancy site (which brought 
about a lowering of the defect energy). Two situations are plausible in this case: (i) 
that the same two types of defect centre are responsible for the respective peaks 
occurring at 365K and 330K, and (ii) that the F(Bf) peak actually shifts to lower 
temperatures as the lattice parameter of the material increases. The second situation 
is more likely for these materials because there is only one peak observed below 
400K, which varies in precise location according to the composition of the lattice. 
This is clearly a different situation from the BaF 2 Br materials where two peaks 
below 400K were observed. 
The peak at approximately 400K which was assigned to F(F) centres in the previous 
sections is also present in the glow curves of these materials. In Table 6.4 it can be 
seen that a slightly higher peak at around 430K is also observed, which agrees with 
the idea of F(F) clusters. In these materials there often appears to be a greater 
contribution to the glow curve from the F(F) clusters than from the single F(F) 
centres. 
Despite the fact that an increasing amount of iodine is being added into the lattice, no 
peak in any of these materials has yet been assigned to the F(f) centre. According to 
Thorns et a! [16], the depth of the F centre decreases down the halide group. We 
have designated the F(Bf) centre and F(Bf) clusters to be responsible for the TL 
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peaks between 330 and 365K, and would predict that a peak corresponding to F(f) 
centres would occur at a lower temperature than this. It is likely that such a trap 
would be emptied by room temperature thermal energy soon after X-irradiation 
ceased, and before measurement of the glow curve commenced. This is. probably 
why there is no peak which clearly corresponds to the F(f) defect centre - it is 
possible that only higher energy TL peaks involving clusters of F(f) centres can be 
seen. 
Following from this argument, the peak which appears at about 465K in the x = 1.00 
material could be due to F(f) centre clusters as it is not seen in any of the materials 
up to that point. If this is the case then Fig. 6.6 suggests that replacing 25% of the 
iodine atoms with bromine is sufficient to put an end to the clustering of F(F) 
centres. 
Finally, the intensity of the high temperature peak decreases as the amount of 
bromine in the lattice is reduced, and the peak also appears to move to a slightly 
lower temperature. It seems logical to conclude that this peak is therefore related in 
some way to the concentration of the F(Bf) centres. Since the F(Bf) centre has been 
shown to be responsible for the TL peak at approximately 370K, it may be deduced 
that this high temperature peak results from clusters of defects involving bromine 
vacancies. Also, the size of the lattice parameter increases as more iodine is added, 
and so the same type of trap is expected to occur at a lower energy. 
The europium-doped members of this series were also prepared and their glow 
curves measured. In general, similar trends to the undoped materials were seen for 
the peaks below 500K. However, above this temperature a couple of the members of 
the series showed broad peaks not present in the undoped materials. These peaks 
proved impossible to rationalise sensibly using the experimental information 
available at this stage. 
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6.5.4 The SrFX:Eu (0.5mol%) materials, where X = Cl, Br or I 
Fig. 6.9 shows the TL data and fitted Gaussian curves for the europium doped 
strontium fluorohalide materials. 
The positions of the fitted peaks are given in Tables 6.5 and 6.6. The only peak 
which these materials appear to have in common is the peak between 370 and 375K. 
This could be due to the F(X) centre. It would be expected [16] that the iodide F 
centre would be the shallowest of the three traps and the chloride the deepest. It is 
not certain whether the small temperature variation in the low temperature peaks 
(only 5K) would encompass these differences in trap depth, especially when the error 
in the peak position is of the same magnitude. The slightly lower 360K peak in 
SrFI:Eu could be a result of a Sr cation vacancy next to the F(f) centre, as discussed 
in previous sections. 
Sample Peak 1/K 	Peak 2/K 	Peak 3/K 	Peak 4/K 
SrFC1:Eu 375 ±3 	- 	- 	- 
SrFBr:Eu 370 ±3 	515 ±3 	540± 3 	580±3 
SrFI:Eu 360 ± 3 	375 ± 3 	410 ± 3 	440 ± 3 
Table 6.5 	Fitted peak positions from the TL data for the SrFX:Eu 
materials. 
It is unusual to note that the chloride does not exhibit the high temperature peak 
which has been present in most of the other samples - especially because the 
bromide has a large intensity peak at about 5 80K. If the higher temperature peaks are 
due to clusters of F centres, it is possible to say that the peaks that occur 35 - 65K 
above the 375K peak in SrFI:Eu are due to clusters of F(f) centres and the peaks 
corresponding to clusters of F(Br) centres occur at 145 - 210K above the 370K 
peak. In this way it might be expected that clusters of F(C1) peaks would occur at 
even greater temperatures above the 375K peak, and are too deep to observe by 
heating to 700K. It is, however, difficult to be completely convinced by this 
argument, and it is more likely that the glow curves of the SrFX:Eu materials are 
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complicated to rationalise and explain because they involve significant changes in 
the composition of the host lattice. It appears to be easier to explain trends that occur 
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Fig. 6.8 	Glow curves for SrFX:Eu (0.5mol%) materials where X = Cl, Br 
or I. 
Finally, for these materials it was found that integrating the area under the TL curves 
and normalising with respect to the exact weight of the sample used gave the result 
that upon X-irradiation the three SrFX:Eu samples stored the same amount of charge, 
within the error in the irradiation time of approximately ± 0.5s. 
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6.5.5 Commercial Fuji film 
The Fuji film was very difficult to run on the Physics Department TL apparatus. To 
avoid contamination of the apparatus, the material was studied by cutting out a piece 
of the film and peeling off the thin top protective layer to expose the storage 
phosphor material underneath. However, because the active storage phosphor 
material sits on a plastic base layer, very poor thermal contact between the heating 
stage and the sample results. In addition the plastic layer could not withstand the 
temperatures to which it was heated and after a couple of cycles it had generally 
buckled out of shape, resulting in ever poorer thermal contact. It was not possible to 
study the Fuji powder alone due to the risk of contaminating the TL apparatus with 
small grains of powder. 
Fig. 6.10 shows the TL plot obtained for the commercial Fuji film. Due to the factors 
discussed above, the error in peak position is considerably larger than that for the 
polycrystalline samples studied previously. Table 6.7 summarises the fitted peak 
positions for the Fuji film and the strontium fluorohalides from the previous section. 
Sample Peak 1/K Peak 2/K Peak 3/K Peak 4/K 
Fuji film 355 ±20 445 ±20 540 ±20 585 ±20 
SrFC1:Eu 375 ± 3 - - - 
SrFBr:Eu 370 ± 3 515 ± 3 540 ± 3 580 ± 3 
SrFI:Eu 360 ± 3 375 ± 3 410 ± 3 440 ± 3 
Table 6.6 	Summary and comparison of TL peak positions for Fuji film and 
the strontium and barium fluorohalides. 
Fig. 6.9 shows that Fuji film does not have a similar glow curve to the BaFBr-type 
materials presented in the previous sections. The TL peaks appear to occur on an 
expanded scale relative to BaFBr, which indicates that poor thermal contact is a 
significant problem in this case. A quantitative comparison using this information is 
therefore largely meaningless. 
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Fig. 6.9 	Glow curve for commercial Fuji film. 
6.5.6 The rare earth doped barium fluorobromide materials 
TL plots from the BaFBr:RE (0.5mol%) series (where RE = La, Ce, Sm or Eu) are 
shown in Fig. 6.10. The Sm-doped material showed no TL signal at all, but this was 
not surprising because the SL emission spectra (Fig. 5.8) showed that BaFBr:Sm 
emitted in the red rather than the blue region of the spectrum and would therefore be 
blocked by filters used in TL apparatus to cut down the incandescent glow. 
The predominant peak in BaFBr:Eu is at approximately 415K, which is at a similar 
energy to the 400K peaks that were assigned to the F(F) centre in previous 
measurements. As the oxidation state of the rare earth cation increases to 3+ in 
BaFBr:La, it can be seen that the energy of this peak increases to about 450K. Ce is 
known to exhibit the 4+ oxidation state in addition to the 3+ state, which may 
account for the two TL peaks seen at approximately 485K and 515K for BaFBr:Ce. It 
is suggested that as the charge of the rare earth cation increases, the size of the F(F) 
centre trap adjacent to a rare earth cation is reduced and therefore the depth of this 
type of F centre trap increases. 
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Fig. 6.10 	Glow curves for BaFBr:RE (0.5mol%) where RE = La, Ce, Sm 
and Eu. 
It is surprising to note that, unlike BaFBr:Eu, the Ce and La doped materials did not 
show a high temperature TL peak which is thought to be due to clusters of F centres. 
Doping a trivalent rare earth halide into a divalent lattice will tend to suppress the 
number of halide vacancies and, by extension, the number of vacancy clusters. 
These results are not in exact agreement with the experiments performed by Lin and 
Su on BaFC1:RE (where RE = Ce, Sm, Eu, Tb) [19] who found the TL glow curves 
for these materials to be similar to undoped BaFC1, up to 500K. They observed TL 
peaks for all four of the RE doped materials at 412 and 384K which they assigned to 
FF) and F(Cf) centres respectively. They also - rather vaguely - assigned the peak 
at 344K to be due to "shallow electron trap defects", reminiscent of the "impurity 
electron traps" that were observed at 338K in BaFBr by Reddy et a! [18]. It has 
already been suggested that this trap species could be due to an F centre that is next 
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to a vacancy on a metal site, which would explain the slight lowering in energy of the 
defect centre. However the peak at 445K which was observed for the Ce and the Eu-
doped materials is at a similar energy to the predominant peak in the La, Ce and Eu-
doped materials (Fig. 6.10) which we have assigned to be due to an F(F) centre 
adjacent to the rare earth cation. 
The exact sample preparation methods used in the BaFC1:RE experiments performed 
by Lin and Su are not entirely clear. In our samples the rare earths were doped in as 
the trivalent chlorides (except Eu where the divalent chloride was used). It is 
suspected from a comparison of the emission spectra results in Chapter 5 with those 
obtained by Zha [20] that using the rare earth oxide has a significantly different 
effect on the performance of the storage phosphor. A difference in the starting 
materials in the Lin and Su experiment could help to explain why slightly different 
results were obtained in this case. 
6.5.7 Oxygen doped BaFBr materials (doping level = 0.1, 0.5 and 1 mol%) 
Oxygen was doped into the BaFBr host lattice in the form of BaO [20] to levels of 
0.1, 0.5 and lmol%. The glow curves obtained from these three materials are shown 
in Fig. 6.12. As the level of oxygen doping increases, it can be seen that the intensity 
of the low temperature TL peaks is quenched. The broad high temperature peak 
appears to increase from 0.lmo1 0/o to 0.5mol% doping, but then decreases upon 
further doping to lmol%. 
From these results it appears that oxygen doping will only enhance the storage and 
stimulation process in BaFBr if it is carried out at relatively low concentrations. 
Incorporation of 0.1mo1% of oxygen into the lattice appears to assist in the formation 
of discreet defect states within the band gap that can store charge and recombine at 
relatively low temperatures, whereas the effect of increasing this doping level to 
0.5mo10/o is to increase the 600K peak which is associated with defect clusters, and 
possibly the process of charge defect migration. In Chapter 2, it was shown that 
oxygen prefers to occupy a fluoride site in the lattice and as a result vacancies are 
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created on the bromine sub-lattice. In Sections 6.4.1 and 6.4.2, F(Bf) centres were 
held responsible for the TL peaks around 370K, which is reasonably close to the 
350K peak observed in the 0.lmol% oxygen case here. If the number of bromine 
vacancies has increased then it is likely that the number of clusters associated with 
this type of defect has also increased. It is also possible that extra space in the lattice 
from additional number of vacancies will assist the process of charged defect 
migration. 
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Fig. 6.11 	Glow curves for 0.1, 0.5 and lmoL% oxygen-doped BaFBr 
materials. 
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The reason why doping at lmol% actually reduces the TL intensity is not entirely 
clear. A possible explanation could be that the more heavily doped material is not 
able to store as many of the electrons and holes that are created during irradiation, 
and that the charge recombines straight away without being stored. When the amount 
of oxygen in the lattice is increased beyond the level of 0.5% even more vacancies 
on the bromine sub-lattice are created, which form F(Br) centres when an electron is 
trapped. With more oxygen ions and more bromine vacancies in the lattice, it is more 
likely that an electron and a hole will be trapped at adjacent sites and that charge 
recombination rather than storage will occur. 
6.6. Conclusions 
In general, the TL glow curves showed a high temperature peak above 500K due to 
clusters of F(X) centres or defect migration, and lower temperature peaks due to 
charge recombination from a variety of defect states within the band gap. 
The population and character of defects in BaFBr was controlled by doping with a 
variety of materials. The family BaF i Br was prepared to show the effect of 
controlling the relative population of F(F) and F(Bf) centres, while BaFBr doped 
with KX or SrX2 (X = F, Br) altered these defect populations, and also introduced 
more complex F centres associated with adjacent impurity cations. In all cases, 
features were observed that were compatible with previous published data on defects 
in the pure host compound. Peaks seen at approximately 400K and 370K were 
assigned to F(F) and F(Bf) centres respectively, and those in the region of 335K to 
an F centre with an adjacent cation vacancy, which reduced the energy of the F 
centre. The relative concentrations of the F(F) and F(Br) centres was clearly seen to 
be influenced by small stoichiometric changes in the lattice, or by the choice of 
halide and/or metal cation valency in the dopant material. 
When iodine was incorporated along with bromine as the halide ion in the BaFX 
lattice, an additional peak was anticipated due to recombination from electrons 
trapped at the F(f) centres. This trap was expected to be the shallowest of the halide 
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series, but the peak which seemed to correspond to the F(f) centre occurred at a 
higher temperature than the F(F) centre peak. It was suggested that the F(f) trap was 
too shallow to observe in our TL measurements, which started at 300K, and that the 
additional peak was due to clusters of F(i) centres. High temperature peaks which 
were attributed to clusters of F(Bf) centres were also observed - these appeared to 
disappear once a significant amount of iodine had been introduced into the lattice. 
For the SrFX:Eu materials (X = Cl, Br and I), both low and high temperature peaks 
were observed, but there was not a clear trend in TL behaviour down the halide 
series. The lower temperature peaks were tentatively assigned to the corresponding 
halide F centre, and the high temperature peaks, where they occurred, to defect 
clusters. 
In the rare earth doped BaFBr compounds, a trend in the main TL peak with the 
valency of the rare earth cation was observed. As the charge on the RE ion increased, 
it was suggested that the depth of an F centre trap which was adjacent to this RE ion 
increased. The Eu2 -doped materials showed the lowest temperature TL peak, with 
La3  slightly higher and Ce, which can exist in the 3+ or 4+ oxidation state, had two 
glow curve peaks located slightly higher still. 
A small amount of oxygen within the lattice resulted in low temperature defect states 
with TL peaks below 400K, and a high temperature peak that increased in intensity 
as the amount of oxygen was increased. However, as the amount of oxygen increased 
even further, the total amount of stored charge decreased because it was mostly 
recombining during irradiation, due to the increased number and proximity of the 
electron and hole traps. - 
In Chapters 5 and 6, a mainly qualitative study of the defect states found in these 
materials, and their positions within the band gap of the host lattice, has been 
undertaken. Further studies now investigate what effect these defect states will have 
on the strength of the PSL signal emitted from the storage phosphor materials; and 
how their PSL kinetics will be affected by trends in the composition of the materials. 
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CHAPTER 7 
PSL DECAY KINETICS 
The spectral response of storage phosphor materials excited by optical and thermal 
sources of energy has been described in Chapters 5 and 6. A study of the temporal 
behaviour of the luminescence complements these measurements and furthers the 
investigation of the energy levels that give rise to radiative transitions and the 
corresponding lifetimes, in particular the electron/hole recombination pathways and 
efficiencies. 
This and the following chapter are concerned with two temporal regions of the PSL. 
In this chapter, medium to long time PSL is described at timescales between 1 and 
6000s, under constant red light stimulation. Chapter 8 describes the experiment using 
a pulsed picosecond laser to study the PSL at very short times, up to only 12ns after 
the stimulation pulse has excited the storage phosphor sample. 
7.1 Introduction 
The processes of F centre excitation, electron tunnelling and electron/hole 
recombination within the PSLC have half-lives many orders of magnitude smaller 
than the timescale of the PSL decay experiment (Table 2.3), and so it can be assumed 
that luminescence will essentially occur immediately after photo stimulation 
commences. However, these short half-lives also mean that recombination of all of 
the PSLCs formed during irradiation should occur within the first few milliseconds 
of stimulation. In order to be able to observe a PSL signal in storage phosphor 
materials up to a matter of hours after irradiation has ceased and stimulation has 
commenced, an additional process must be going on in these materials at medium to 
long times. It has been suggested [1] that the supply of PSLCs is replenished 
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throughout photostimulation by the migration of F centre defects through the crystal 
lattice towards the hole trap/activator ion bound species. 
It has been widely observed that the intensity of the PSL emitted by storage phosphor 
materials decays with time [1, 2, 3, 4, 5]. This decay is characterised by the initial 
intensity of the PSL and the rate at which it decays to background. For each storage 
phosphor material the magnitude of these parameters depends on experimental 
conditions such as the temperature at which the irradiation (by X-rays, a, 13 , y, rays 
etc.) was carried out, the temperature at which and time for which the material was 
stored in the dark prior to stimulation, and the temperature and intensity at which the 
material was optically stimulated. 
In this chapter a random walk model is used to describe the replenishment of the 
PSLCs and rationalise the kinetics of the PSL at timescales over is; such analysis 
gives information on the dimensionality of the random walk that the F centre 
undertakes, i.e. whether it moves in an isotropic or a planar manner. It was attempted 
to keep the majority of the parameters fixed and measure the temporal behaviour of 
the luminescence intensity at irradiation and stimulation temperatures from 300K 
down to 100K, in order to highlight differences in the dimensionality and the rate of 
defect migration and in the type of defects that are involved in the random walk 
process as the amount of thermal energy available to the system is reduced. 
7.2 Defect Migration and Random Walk Theory 
In the material BaFBr:Eu2 , the time for trapping of an Eu2 — h system is short in 
comparison with the time associated with the diffusion of a F centre towards it, 
therefore the rate determining step in the recombination reaction at medium and long 
times is determined by the kinetics of diffusion of the F centre [6]. This means that 
new PSLCs which can be photostimulated are continually forming. Luminescence 
only ceases once all the trapped electrons have recombined with holes. This 
migratory process is temperature dependent - thermal energy is needed for the 
defects to overcome the activation energy of migration. Studying the behaviour of 
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PSL at both room temperature and liquid nitrogen temperature should highlight 
differences in thermal activation of this charge migration. 
In a dynamic system where two species with short-range interactions and equal 
concentrations move diffusively and annihilate or combine to form a stable entity 
when they meet, the history of the system depends on the initial distribution of the 
particles [7]. For example a density p(t) of particles and antiparticles which are 
randomly distributed throughout a lattice and then allowed to execute a random walk 
until they collide, will evolve with time t according to: 
p(r)—p('O)(Dtj"4 	 (7.1) 
where D is the diffusion constant and d is the dimensionality of the system. Where 
there is a random initial distribution of particles and antiparticles there will be local 
fluctuations in the particle and antiparticle densities which will remain even when 
annihilation proceeds. With time, such fluctuations can give rise to larger regions 
containing mostly particles, separated from regions containing mostly antiparticles. 
These domains are illustrated in Fig. 7.1 [6]. The constraint of a random initial 
distribution is therefore significant because long wavelength fluctuations in the 
density will decay very slowly. These spatial fluctuations in the concentration of 
particles and antiparticles largely inhibit the reaction, and therefore help to produce 
the long tail in the decay curve, because at long times annihilation may only occur 
along the boundaries between domains. 
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Fig. 7.1 	Particle and antiparticle positions at I = 1000 on a 2 dimensional 
500 x 500 square system. The initial condition was a uniform 
distribution with concentration of 0.05 161. 
For storage phosphor materials such as BaFBr:Eu 2 , it is assumed that the motion of 
the F centre, in the absence of any external fields, may be described as a random 
walk across the crystal lattice [8]. It is also assumed that trapping occurs immediately 
upon the encounter of the walker with a less mobile trapping centre (the Eu 2 — h 
bound system, or any other type of hole trap that might exist). This situation is 
known as two-species annihilation: 





In the mean-field (or reaction-limited) situation, normal rate law kinetics apply and 
the rate constant k defines the rate determining step which is the annihilation process 
(assuming that the rate of collision of the particles, which occurs immediately prior 
to recombination, is much faster). For a bimolecular reaction: 
dCA(t)/dt = dCB(t)/dt = –kCA(t)CB(t) 	 (7.3) 
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where CA (t) and CB(t) are the concentration of species A and B respectively, at time t. 
For each annihilation, electrons and holes will be lost in equal amounts which means 
that the difference in the concentration of species A and species B will remain 
constant, i.e.: 
CA(t)—CB(t)=z1 	 (7.4) 
where zi is constant with time. Solving Eq. (7.3) gives: 
CA (t) = N{1 - [CA (0)/CB(0)Jexp(—/ikt)] 	 (7.5) 
For storage phosphor materials, electrons and holes are created in equal amounts 
during irradiation and so we therefore have the additional special case of equal initial 
concentrations of A and B, i.e. CA(0) = CB(0). This produces the result that: 
CA (t) = [/ct + 1/CA (0)]' 	 (7.6) 
This result will be the same as that for a one-species annihilation in the mean-field 
limit. 
However, we are interested in the non-classical diffusion-limited situation where it is 
necessary to take into account spatial fluctuations in the concentration of the 
reactants which will inhibit the reaction. Once again, for the case of equal initial 
concentrations of species A and species B, CA(0) = CB(0) = C(0), and it can be 
shown [3] that the concentration of the particles decays with time as: 
C(t) C(0)f"4 	 (7.7) 
where d = dimensionality of the walk, and d :!~ the critical dimension, d, = 4. This 
result depends on the number of different annihilating species present - in this case it 
is two, species A and species B. Above d the mean-field result holds which produces 
the conventional decay law for a bimolecular reaction given above. 
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Fig. 7.2 	Apparatus for measuring the photostimulated luminescence upon 
red light stimulation of storage phosphors. 
PSL decay curves were measured at the chosen temperature by exciting the irradiated 
sample with red light from a 4mW HeNe laser (632.8nm) and observing the intensity 
of the emitted blue light using a PMT with discriminator/amplifier (Thorn EM!) 
operating in single photon counting mode. Full details of the experimental apparatus 
are given in Chapter 4. 
The storage phosphor sample was ground to a fme powder and mixed with a small 
amount of high vacuum grease (Dow Corning). The grease/sample mixture was 
deposited onto a copper stub to about a 7mm diameter. The copper pin slotted into 
the copper component of the cryostat sample rod giving good thermal contact 
between the sample and the rod. This arrangement is shown in Fig. 7.3 which is a 





Fig. 7.3 	(a) The cryostat sample rod with (b) a close-up view of the sample 
(the white disc) mounted on the copper plate at the end 
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The samples were X- irradiated for 15 minutes using the in situ 
55  Fe source by 
rotating the sample rod into the irradiation position (see Fig. 4.4). Immediately 
afterwards, the sample was turned back to the PSL position to halt irradiation (the 
lead backing on the sample rod shielded the sample from further irradiation when in 
this position) so that PSL could be measured. Room temperature measurements 
could be made straight away by simultaneously switching on the HeNe laser and 
starting the program that controlled the photon counting process. For low 
temperature measurements, the sample chamber had to be first cooled to lOOK 
(which could take between 30 minutes and an hour depending on how good the 
vacuum in the transfer tube was) before PSL measurement began. It was also 
possible to first cool the sample, irradiate it at 100K and then measure the low 
temperature PSL signal. In addition, the luminescence emitted during X-ray 
irradiation could be measured. 
The Thorn Elvil data collection programme ("Thorn EMI Photon Counter 1.2b") was 
set to integrate the signal received over a 2 second time interval in order to produce 
one data point, and to record 3000 data points per run. Therefore each run lasted 
6000s, by which time the PSL from nearly all of the samples had decayed to 
background light intensities. The average background light intensity with the HeNe 
laser switched on and a sample in the cryostat "PSL position" was measured to be 
260 ± 60 counts per data point, which is equivalent to 130 ± 30 counts per second 
(cps). 
The PSL decay of the samples whose preparation was described in Chapter 3 was 
investigated under three different temperature conditions. Firstly, irradiation was 
carried out at 300K and PSL subsequently measured at 300K; then irradiation was 
repeated at 300K but the sample was cooled to lOOK before the photostimulation 
commenced; and finally the sample was irradiated at 100K and the PSL 
measurement was made at 100K. For this temperature range, the cryostat system was 
able to control the temperature to within ± 0.1K. 
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7.4 Luminescence emitted during X-irradiation 
When storage phosphor materials are exposed to ionising radiation such as X-rays, 
electrons are excited out of the valence band into the conduction band. There are 
several options available to the electron at this stage: it may instantly fall back down 
to the valence band again; it may be trapped at a defect site in the lattice and stored 
for a considerable length of time; or it may recombine with a hole, producing 
luminescence. The luminescence emitted during X-irradiation of the sample was 
measured and the average values are illustrated in Fig. 7.4. To retain clarity error 
bars are not shown on this diagram, but error values of ± 100 - 200 are predicted 







fiImp, 	 Bic 
2000- 
ci) JT 	 W 	le 	NaBr  
a U 	U • • .. 	 . 
I &F2 1 1 	 NEai E La 	•• :3 
—J 	0 
:SrBr2 Le 	• 	ONE 
.91 
• 1st irradiation at 300K (followed by 300K PSL) 
• 2 nd  irradiation at 300K (followed by lOOK PSL 
• Irradiation at lOOK (followed by lOOK PSL) 
Fig. 7.4 	Intensity of luminescence emitted by the phosphors during X- 
irradiation at the temperature indicated. 
It would appear logical that the luminescence emitted by a sample during irradiation 
at 300K would be the same, within experimental error, for both of the irradiations at 
this temperature. However, for several of the storage phosphor materials (e.g. BaFBr, 
BaFBr:Eu and NaBr:Eu) this does not seem to be the case. It is unlikely that there is 
a large error involved in measuring the luminescence that has not been accounted for, 
because some of the materials (for example Fuji, BaFBr:KBr and BaFBr:Ce) do 
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show reproducible luminescence emission intensity during the second irradiation at 
300K. It is most likely that the non-reproducible luminescence levels of the samples 
irradiated at 300K have arisen because the starting conditions in the materials were 
not the same. One way in which this might occur is if there was not sufficient time 
for all of the electron/hole pairs to recombine during photo stimulation at 300K 
(following the first X-irradiation at 300K) before the second irradiation commenced. 
In this situation, after the second irradiation at 300K there would be more 
electron/hole pairs than after the first X-irradiation at 300K because the starting 
number was greater. 
From Fig. 7.4, it can be seen that the luminescence intensity during irradiation at 
lOOK is generally less than that at 300K. The X-ray energy is, of course, unaffected 
by the reduction in temperature so that within statistical limits the same number of 
electrons and holes are created within the material during a 15 minute irradiation at 
300K and at lOOK. The reduction in luminescence at lOOK therefore implies that 
more of the charge created in the crystal lattice during X-ray irradiation is being 
trapped at defect sites in the crystal lattice, and less is undergoing prompt 
recombination which results in luminescence. The mobility of defects at low 
temperatures will also be reduced due to the reduction in the thermal energy. This 
leads to the production of more spatially correlated F centre/Eu 2+  - h+  species, in 
agreement with calculations made by Thorns et al [9]. 
7.5 PSL Decay Kinetics Results 
The PSL decay data are generally referred to as AK/BK where A is the temperature at 
which the material was X-irradiated and B is the temperature at which it was 
photostimulated. Log-log plots were used so that the gradient could be related 
directly to the "dimensionality" of the decay, in accordance with Equation 7.9. The 
initial intensity of the PSL signal is proportional to the amount of charge that was 
stored in the material during irradiation as PSLCs (which are introduced and 
described in Chapter 2). 
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Table 7.1 collates the information on the initial intensities of the PSL emitted from a 
range of storage phosphor materials and the gradients of their PSL decay obtained 
from plotting logI(t) against logt, as shown in Fig. 7.5 to Fig. 7.21. 
Irrad. at 300K & 
	
Irrad. at 300K & 
	
Irrad. at lOOK & 
Sample 
	PSL at 300K 
	
PSL at lOOK 
	
PSL at lOOK 
Initial Gradient 	Initial Gradient 	Initial Gradient 
Intensity 	 Intensity 	 Intensity 
BaFBr 13 000 -0.58 7 300 -0.48 75 400 -0.92 
BaFBr:La 30 000 -0.75 10 000 -0.69 156 000 -0.95 
BaFBr:Ce 11 000 -0.65 4 000 -0.48 52 000 -0.87 
BaFBr:Sm - - 9 600 -0.86 
BaFBr:Eu 141 000 -0.87 66 500 -0.80 774 000 -1.1.1 
Fuji film 206000 -1.40 1700000 -1.07 2400000 -1.19 
Fuji powder 680000 -1.18 530000 -0.90 703000 -1.05 
BaFBr:KF 4 600 -0.56 1 000 -0.19 57 800 -0.81 
BaFBr:KBr 3 700 -0.36 1 300 -0.20 54 000 -0.76 
BaFBr:SrF2  2000 -0.32 775 -0.06 38 000 -0.79 
BaFBr:SrBr2 1 800 -0.27 1 050 -0.13 30 500 -0.80 
NaBr:In 1100 -0.36 - - 
KBr:In 4600 -0.56 - 37 000 -0.95 
RbBr:In 490 -0.15 - 14 000 -0.76 
NaBr:Eu 3 600 -0.69 - 800 -0.28 
KBr:Eu 22000 -1.11 8400 -0.76 930 -0.27 
RbBr:Eu 1200 -0.43 - 370 -0.10 
Table 7.1 	Initial intensities and gradients of the apparent linear fits to the 
log-log PSL decay plots for the storage phosphor materials 
studied at various storage and stimulation temperatures. All 
gradient values have an estimated error Of± 0.1. 
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An "apparent linear" fit was performed on the PSL decay data, so called because the 
data only appeared linear when plotted on a log-log scale. The start and end of the 
linear region of the decay was estimated by eye and the fit was carried out only 
between these points. Changing these limits slightly changed the magnitude of the 
gradient, and an error of ± 0.1 was estimated to encompass differences in the values 
of the gradient that were encountered according to the precise range chosen. In 
addition to this linear fit, the data were also fitted to a power law equation (which 
took the form: y = a +bxc,  where y was the PSL intensity, x represented the time and 
a, b, and c were the parameters varied during the fitting process). In this case, the fit 
started at the beginning of the linear region, but included the tail at the end where the 
background light intensity became important. The results of the fits that were carried 
out in this way are given in Appendix III. In practical terms the magnitude of the 
gradient did not change significantly and the trends in the fitted values remained the 
same and so the values obtained using the apparent linear fit have been used here. 
It can be seen that the 300K/lOOK data, in general, show lower values of initial PSL 
intensity. This is most likely to be because the materials lose the stored charge due to 
thermal de-trapping of defects while the cryostat cools down. It takes a few minutes 
even to cool from 300K to 250K at which temperature the thermal contribution is 
believed to cut out. Another possibility is that the correlated centres created at 300K 
are less stimulable at low temperatures. However, this should not be the case as the 
tunnelling process is believed to be independent of temperature, and so while the rate 
of defect migration through the lattice (i.e. the gradient) might be affected by 
temperature, the initial intensity following irradiation at 300K (which depends on the 
number of correlated F centres produced by the radiation dose) should be the same at 
300K and at lOOK according to this relatively simple model. In addition, the gradient 
may be slightly smaller in the 300K/100K measurement. Any change in the value of 
the gradient is often within experimental error, but because the value is 
systematically smaller in each case there may be a real, if small, reduction. The rate 
of photostimulated decay may be reduced because defect migration processes have 
been suppressed through the lack of thermal energy at lOOK. 
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As mentioned in the previous section, Thorns et a! [11] found that when BaFBr:Eu 
was irradiated at 4K, 70% of the F(Bf) centres that were created were spatially 
correlated with the Eu/hole trap, within tunnelling distance of the Eu/hole trap 
species, whereas for room temperature irradiation only 23% were correlated in this 
way. This agrees with experimental observation that the initial intensity (which arises 
from the correlated electrons and hole traps - or PSLC5) in the 100K/lOOK 
experiments is higher than in the 300K1300K case. This also matches the observation 
that the intensity of the blue luminescence emitted during X-irradiation at lOOK is 
often less than that at 300K - if fewer electron/hole pairs undergo prompt 
recombination that means that more are trapped as PSLCs at proximate defect sites. 
It can also be noted that gradients for the 100KI100K PSL measurements are, in 
general, slightly increased suggesting that charge defect migration is able to explore 
a more isotropic, as opposed to a planar, area. 
7.5.1 PSL of barium fluorobromide in pure form and doped with La, Ce, Sm 
and Eu rare earth cations 
The PSL decay graphs for undoped BaFBr and La, Ce, Sm and Eu-doped BaFBr are 
shown in Figs. 7.5 - 7.9. Numerical values of the initial intensity of the PSL and the 
gradient of linear fits made to the linear region of the decay plotted on a log-log 
scale, are shown at the side of the graphs and also in Table 7.1. 
The intensity of the decay curves for BaFBr:Eu is approximately an order of 
magnitude greater than the other materials at each of the irradiation/photo stimulation 
temperatures studied. The undoped and the La and Ce doped BaFBr materials have 
similar intensities, differences may occur due to different weights of sample used in 
each case or slight variations in the sample position and the optical pathway between 
runs. The Sm doped material did not emit PSL in the blue region of the visible 
spectrum at room temperature, as discussed in Chapter 5 where maximum intensity 
SL from BaFBr:Sm was observed in the red region of the spectrum. 
In the 300K/lOOK measurements there is a decrease in the initial intensity relative to 
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300K1300K measurements which occurs through emission of SL at temperatures 
down to approximately 250K as the sample is being cooled. The reduction in the 
gradient of the linear fits is within experimental error of the 300K/300K values, 
which indicates that at 100K the dimensionality of charge migration through the 
lattice is the same as at 300K, for rare earth doped BaFBr samples irradiated at 300K. 
The 100KJ100K PSL measurements show a small increase in the value of the 
gradient, and an increase in the initial PSL intensity. This is due to the fact that the 
materials can store a greater proportion of the charge created within them during low 
temperature irradiation, and retain this charge in the form of PSLCs to a greater 
extent than when irradiated at 300K. 
When X-irradiation occurs at low temperatures some centres which are not stable at 
room temperature will be able to survive (i.e. the Vk centre), and recombination of 
trapped electrons with these centres can occur. These defect centres are all intrinsic 
to the BaFBr host lattice and so luminescence occurs in the blue part of the spectrum, 
irrespective of the nature of the dopant ion. Therefore PSL is observed for the Sm-
doped material in the same way as the La and Ce-doped materials and undoped 
BaFBr. The values of the gradient are the same within experimental error for the 
1 00K/i 00K measurements made on each of the rare earth doped BaFBr materials 
(except Eu) and pure BaFBr, suggesting that the nature of migration leading to 
replenishment of PSLCs is independent of the rare earth. After room temperature X-
irradiation, recombination will only occur from room temperature stable species 
which tend to be associated with the rare earth ion and so characteristic dopant 
emission is typically observed. This is in the blue region of the spectrum for undoped 
BaFBr and for La, Ce and Eu-doped BaFBr, but it is in the red region for the Sm-
doped material. Thus, PSL cannot be observed from BaFBr:Sm using this 
experimental set-up. 
Finally, it can be seen that the initial intensity is once again approximately the same 
for all the materials except BaFBr:Eu, which has a much larger emission intensity. 
Thus it can be seen that the Eu ion is the most efficient dopant cation at channelling 
the recombination energy through one of its electronic transitions. 
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Fig. 7.5 	PSL decay data for undoped BaFBr (a) 300K1300K (b) 
300K/100K and (c) 100K/100K (where the first temperature is the 
irradiation temperature and the second the PSL temperature). 
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PSL decay data for BaFBr:La 34 (0.50moI%) (a) 300K1300K (b) 
300K/lOOK and (c) 100K/lOOK (where the first temperature is the 
irradiation temperature and the second the PSL temperature). 
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Fig. 7.7 	PSL decay data for BaFBr:Ce 4 (0.50moI%) (a) 300K/300K (b) 
300K/lOOK and (c) 100K/lOOK (where the first temperature is the 
irradiation temperature and the second the PSL temperature). 
161 
Chapter 7- PSL Decay Kinetics 
a 
















. 0 •U P.nOSd 
Ai25lW404 
BO-0fl44420.01434 	 • a., 
R -03934 	 IiiB i1a3D 
SD 097456 	 Galfft-002 
p- o 
10 




a a 	 • 	 U 





y A+ B 	Ie(X) 
PaanDWolJsd 	
U • U :i. ; 
Ana1g7oQ 
Bo-a712Jao18D8 	 U 
R = -Q2412D U 
SD = 0.04245. N = 48 
10 
Time/s 
(c) 	S •a• 
(I) 
C 
.5 	1010  




SD = QOaEK N= 14 
P=2144 
1 10 
Fig. 7.8 	PSL decay data for BaFBr:Sm 3 ' (0.50moI%) (a) 300K/300K (b) 
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7.5.2 PSL behaviour of the commercial Fuji film 
The PSL decay curves of the Fuji film are shown in Fig. 7.10 and the same 
experiments performed solely on the powder scraped from the active layer of the 
phosphor are illustrated in Fig. 7.11. 
Fuji film remains unsurpassed and unrivalled in its PSL performance. It has by far 
the highest initial intensity and an extremely long range of linear decay, with very 
little distortion due to background light levels noticed until well after 1000s. It also 
behaves consistently over the three combinations of irradiation temperature and 
photostimulation temperature that were used in the experiments - a feature which 
none of the laboratory synthesised materials show. It is once again clear that the 
commercial material is not composed solely of BaFBr:Eu 2 . It is likely that 
incorporation of other atoms into the lattice (such as iodine) and/or inclusion of a 
sensitiser material has been carried out. For example, there is evidence that a 
substantial percentage of iodine in the material significantly enhances the PSL 
performance of the storage phosphor [9]. 
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Fig. 7.10 	PSL decay data for Fuji film (a) 300K1300K (b) 300K/lOOK and 
(c) 100K/lOOK (where the first temperature is the irradiation 
temperature and the second the PSL temperature). 
165 
Chapter 7 - PSL Decay Kinetics 















 am N= 5 
P.O 









R = -O.48 



















SD = 0.015. N = 17 
P=O 
Fig. 7.11 
1 	 10 	 U) 
Time/s 	 c6p 
PSL decay data for Fuji powder (a) 300K/300K (b) 300K/lOOK 
and (c) 100K/lOOK (where the first temperature is the irradiation 
temperature and the second the PSL temperature). 
166 
Chapter 7 - PSL Decay Kinetics 
7.5.3 PSL of barium fluorobromide doped with KF, KBr, SrF 2 and SrBr2 
Figs. 7.12 to 7.15 show the PSL decay plots for the materials BaFBr:KF, KBr, SrF2 
and SrBr2. It can be seen that these materials all have almost exactly the same 
response to photostimulation, and that their behaviour is of the same order as the 
undoped BaFBr material in terms of the initial PSL intensity and the rate of decay at 
300 and lOOK. The data presented here suggest that neither the photostimulabiity 
nor the decay kinetics of the BaFBr host material are altered significantly by this 
kind of doping. The concentration of the individual types of F centre defect at this 
level is therefore not crucial to the performance of the BaFBr-type storage phosphor 
materials and it is the properties of the host lattice which control the PSL 
characteristics. 
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Fig. 7.12 	PSL decay data for BaFBr:KF (0.50moL%) (a) 300K/300K (b) 
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7.5.4 PSL of the indium-doped alkali halides 
The PSL decay plots for indium-doped NaBr, KEr and RbBr are shown in Fig. 7.16 
to 7.18. In general, these materials did not show a strong PSL signal. 
In each of the indium-doped alkali halide samples, the intensity of PSL in the 
300K/lOOK measurement is reduced relative to the 300K/300K measurement. It is 
thought that this is due to leakage of the signal during the cool-down process, as 
described in the previous section. The numerical values of the gradients for most of 
these measurements are not considered to be very useful because the initial PSL 
intensity is low and it is reduced to background light levels within several data 
points. Therefore the linear fits cannot be carried out over a wide range and will have 
a large degree of inaccuracy. 
However, the situation for low temperature irradiation and photostimulation is better, 
and for the indium-doped KBr and RbBr materials significant initial intensities were 
observed. At low temperatures, it is anticipated that the amount of charge stored by 
the material during irradiation is greater with respect to the amount stored for room 
temperature irradiation. The values of the gradients are relatively large indicating 
that charge migration takes place in a fairly isotropic manner. This is not surprising 
as the alkali halide host lattice itself is isotropic - as opposed to the barium 
fluorobromide host lattice which is layered. 
At first it seems surprising that the NaBr:In does not also have a significant PSL 
signal at low temperatures, but this can be explained by considering the spectral 
properties of these materials. In Chapter 5, the room temperature emission spectra 
were discussed, and it was seen that for the indium doped alkali halides there were 
two Gaussian functions that contributed to the spectra. The function centred at 
approximately 420nm came about as a result of characteristic In emission, and the 
longer wavelength function was ascribed to recombination from intrinsic defects 
within the crystal lattice. It was shown for the RbI host lattice [12] that while room 
temperature recombination consisted primarily of the contribution from the dopant 
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ion, at low temperatures emission came about mainly as a result of recombination 
from intrinsic defect centres. In addition, Fig. 5.10 shows that as the alkali metal 
cation gets lighter, this intrinsic emission component occurs at longer wavelengths. It 
is therefore suspected that in NaBr:In., where irradiation and photo stimulation are 
both carried out at 100K, the dominant contribution to the emission is from the 
recombination of intrinsic charge defects which occurs at long wavelengths that are 
not within the window that can be detected using the arrangement of blue filters 
centred on 400nm (see Chapter 4). 
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7.5.5 PSL of the europium-doped alkali halides 
Fig. 7.19 to 7.21 shows that PSL decay curves for the europium-doped alkali halides, 
NaBr, KBr and RbBr. They appear to have slightly improved stimulation 
characteristics over the indium-doped materials for room temperature irradiation and 
photostimulation, but none of them show a large initial intensity for the 100K/lOOK 
measurement. 
At room temperature, PSL from the europium-doped materials is more intense than 
the corresponding indium-doped material, which suggests that Eu 2 is more efficient 
at channelling the electron/hole recombination energy than In k . 
The fact that the 100K/lOOK PSL measurements show such poor intensities in the 
europium-doped alkali halide materials is unique amongst the storage phosphor 
materials that we studied, and somewhat surprising. It is not entirely clear why this 
should be the case, but it may be significant that these are the only materials for 
which a dopant ion was used which had a greater charge than the host cation. It is 
suggested that in the alkali halides, Eu-doping results in the formation of a number of 
slightly deeper F centres which have an Eu 2 ion adjacent to the anion vacancy, and 
that these act as traps which are more stable than regular F centres. At room 
temperature there is sufficient energy to excite electrons from these traps, but at 
100K it is possible that electrons in these deeper F centres are not available for 
stimulation. Further to this, at low temperatures the Boltzmann populations of traps 
of different depths will favour the deeper traps to a greater extent. 
In general, the doped alkali halides are poor storage phosphors. They have a low 
initial luminescence intensity and they decay rapidly to background light levels 
(approximately 260 ± 60 counts per 2 seconds). This suggests that they have not 
stored a large proportion of the X-ray energy and/or they are not particularly 
photostimulable. 
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Our stimulation spectra did not give a good signal-to-noise ratio, so it was difficult to 
deduce the best stimulation wavelength from these results, but stimulation values 
obtained by other research groups were given in Section 2.6.3 (Table 2.7). KBr:In 
was seen to be stimulable at 630nm, which matches the HeNe wavelength closely, 
but as the lattice parameter increased RbI:In was stimulable at the longer wavelength 
of 730nm, which is considerably larger than the HeNe wavelength. In contrast, when 
the dopant was changed from In to Eu, the stimulation spectrum maximum decreased 
to 580nm in KC1:Eu, although in this case there is also a decrease in the lattice 
parameter of the host material. 
For both the Eu2  and In doped bromides, KBr is the best storage phosphor. 
KBr:Eu2  shows storage and stimulation properties which are comparable to undoped 
BaFBr, but still comes nowhere near rivalling the performance of BaFBr:Eu 2 . A 
variety of factors are suspected to contribute to the improved performance of KBr 
over the other two host lattices, this material winning out on balance. These include 
the fact that as the material gets heavier: (i) the absorption of X-rays increases; (ii) 
the band gap decreases and so more electron/hole pairs are created per X-ray photon; 
and (iii) the charge traps become shallower and so for a given temperature a smaller 
fraction of the charge is stored. 
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7.6 Conclusions 
In general, for the barium fluorobromide host materials the 100K/100K data have a 
greater initial intensity and a better signal-to-noise ratio than the 300K/300K data 
because more charge is stored during low temperature irradiation at spatially 
correlated F(Bf) centres, and so there is a greater initial number of PSLCs. Also, the 
300K1300K data are stronger than the 300K/100K data. It is suspected that this is 
because the PSL signal may fade due to thermal detrapping during the initial stages 
of cool down, but it is also possible that this is a real effect brought about by a 
reduced amount of thermal energy available in the system to assist the process of 
defect migration. There was not any strong evidence of a consistency between the 
values of the fitted gradient parameters when experimental error was taken into 
account. However, a steeper gradient was observed for the 100KI100K 
measurements which suggests, according to random walk kinetics, that migration is 
more isotropic at low temperatures. It is possible that the Vk species, which is only 
stable at low temperatures has an isotropic migration pathway, although this has not 
been rigorously calculated. 
Of the rare earth doped barium fluorobromides, BaFBr:Eu had the greatest PSL 
intensity. This was also seen in the emission and excitation spectra discussed in 
Chapter 5. Eu2  is by far the most efficient dopant cation at channelling the 
electron/hole recombination energy into visible luminescence. BaFBr:Sm was 
difficult to study using this experimental set-up because emission was in the same 
spectral region as the HeNe wavelength. 
The relative concentration of the two types of F centre in BaFBr (F(F) and F(Bf)) 
does not affect the medium and long time decay kinetics of the KF, KBr, SrF2 and 
SrBr2-doped barium fluorobromides. The initial PSL intensity and the rate of decay 
are found to be practically the same for all of these materials and for undoped BaFBr. 
When an activator ion is not present, the medium and long time decay kinetics must 
therefore be limited by the host lattice. 
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Fuji film is the brightest storage phosphor and has a long, distinct linear decay 
region. The signal-to-noise ratio is much better than the other materials, and the 
decay kinetics of Fuji film appear to be unaffected by either the irradiation or the 
stimulation temperature. In addition there is no loss of signal during cooling in the 
300K/1 00K measurement. 
In comparison to the barium fluorobromides, the alkali halides have a very weak PSL 
response at room temperature. This does improve upon cooling for the indium-doped 
samples. The indium doped materials perform better under conditions of low 
temperature irradiation and photostimulation, while the europium doped materials 
give a better signal for room temperature irradiation and photostimulation. Of the 
three alkali halide host lattices studied, the KBr lattice gives the overall best response 
to charge storage and stimulation conditions from 300K to lOOK. 
One of the main original thrusts behind this project was to study the PSL decay 
kinetics of these materials and to be able to model the decay curves using the random 
walk model, with reference to the migration of charge defects at medium and long 
times. Unfortunately, work on the simpler alkali halide system was not promising 
because the PSL intensity was not bright enough, and work on the rare earth doped 
barium fluorobromide systems was less distinct than in the past [2] because the use 
of oxygen free rare earth precursors reduced the efficiency of the PSL process. 
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CHAPTER 8 
SHoRT-TIME BEHAVIOUR OF THE PSL FROM 
SELECTED STORAGE PHOSPHORS 
8.1 Introduction 
In preceding chapters, measurements of the PSL emitted from storage phosphor 
samples have been limited to timescales greater than is due to the limitations of our 
apparatus: the shutter that switches laser light on and off at the sample takes a 
relatively slow time to operate (- 0.5s); the software must be manually started at the 
same time that the laser is switched on, introducing further error; and the software is 
set to integrate the number of photons collected over a 2s period, and is not able to 
operate faster than ims. 
The lifetime of PSL emitted from a BaFBr:Eu 2 storage phosphor sample was 
measured to be approximately 800ns by Von Seggern et a! [i]. It was deduced in the 
same paper that the rate limiting factor in this process was the lifetime of the excited 
Eu2 4f65d' state, which was also found to be approximately 800ns. Thus the lifetime 
of the Eu2 4f65d' -* 4f transition was at least several orders of magnitude greater 
than the lifetimes of the other processes taking place, namely electronic transitions 
within the F centre and quantum tunnelling of the electron to the hole centre. By 
measuring the PSL intensity over a matter of hours, as discussed in Chapter 7, we 
were therefore only able to probe the kinetics of long timescale processes, such as 
migration of defects through the lattice. 
In order to study the kinetics of the processes that lead to electronic excitation of the 
Eu2 ion into its 46  5d'state, we attempted to observe and measure the lifetime of the 
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rise of the PSL signal. This rise was expected to occur on a timescale several orders 
of magnitude shorter than 800ns. As part of the Lasers for Science Facility (LSF) 
based at the Rutherford Appleton Laboratories (RAL) in Oxfordshire, we were able 
to use a Nd:YAG-pumped Rhodamine 6G cavity-dumped dye laser together with a 
single-photon counting system with picosecond resolution to measure this lifetime. 
The laser produced light pulses of 1 Ops duration which could photostimulate the 
stored charge within the storage phosphor samples. 
As discussed in Chapter 2, the Von Seggern group used a light pulse with a rise time 
of 250ns and a duration of 6ts to measure the luminescence decay lifetime of 
BaFBr:Eu2  [1]. These parameters were suitable for the measurement of lifetimes of 
the order of a microsecond, but clearly inadequate for measuring rise lifetimes orders 
of magnitude shorter. With the picosecond laser apparatus and single photon counting 
system, we were clearly in a considerably better position to probe the luminescence 
rise time but, as a result, we were unable to measure the decay lifetimes of storage 
phosphor samples. 
Following decay lifetime measurements under different conditions of X-ray dose and 
stimulating light intensity, Von Seggern et a! [1] estimated values for the two 
processes that precede Eu2+*  luminescence and therefore comprise the "rise lifetime": 
the lifetime of the F centre (which was predicted to be of the order of 5ps at room 
temperature and 1 jis at liquid helium temperature) and the tunnelling lifetime 
(0.05ps). (These are also given in Table 2.3). Of the two processes that led to 
electronic excitation of the Eu 2 ion, the step that determined the experimentally 
measurable value of the rise lifetime would be the F centre lifetime which was the 
slower of the two. This was deduced to be a temperature dependent process due to a 
contribution to escape from the F centre through thermal excitation into the 
conduction band. According to this reasoning, it was expected that the rise lifetime in 
storage phosphor materials would increase as the temperature was lowered. 
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The ultimate aim of the picosecond timescale lifetime experiment was therefore to 
investigate the temperature dependence of the rise of photo stimulated luminescence 
emitted from irradiated storage phosphor materials. A comparison of the behaviour of 
several storage phosphor materials, as with the other experiments that have been 
performed on these materials, should allow us to gain an insight into the way that the 
stimulation process depends on the crystal and electronic structure of the host 
material. 
8.2 The basic principles of single photon counting lifetime 
measurements 
The decay lifetimes of fluorescence can be measured using various techniques such as 
modulation methods [2], pulse sampling methods [3, 41, pump and probe techniques 
[5] or time-correlated single photon counting [6]. The success of this last method 
hinges on the employment of an instrument called a time-to-amplitude converter 
(TAC) which is able to measure very accurately the time difference between the 
excitation and emission events. 
In fairly basic terms, in order to carry out the time-correlated single photon counting 
experiment a small percentage (-40%) of the excitation pulse is split from the main 
beam and converted to a digital signal. This is used as a trigger pulse, and is routed to 
the TAC where it initiates the linear charging of a small capacitor from a constant 





Fig. 8.1 	Simplified representation of the TAC operation 
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Meanwhile, the remaining portion of the optical pulse excites the sample which may 
fluoresce. An "aperture" (actually a variable neutral density filter) is adjusted so that 
only one fluorescence photon per exciting event is able to pass through, and the signal 
resulting from this photon stops the charging ramp of the TAC. The TAC outputs a 
signal based on the amount of charge that was stored by the capacitor (proportional in 
magnitude to the time difference between the start and stop pulses) and this output is 
converted by an analogue-to-digital converter so that the data can be stored, and 
displayed, on a PC. This process is repeated until a large number of counts over the 
whole range is obtained, giving a good statistical representation of the decay curve of 
the sample. It is also possible to measure the time profile of the excitation pulse 
simply by replacing the sample by a light scatterer so that, in theory, the lifetime data 
can be deconvoluted from the pulse profile. A schematic diagram of the single photon 
counting apparatus is shown in Fig. 8.2. 
Fig. 8.2 	Schematic diagram of single photon counting apparatus 
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At the high frequencies easily obtainable from pulsed laser sources, the TAC may not 
have time to reset between the occurrence of successive excitation pulses. In order to 
take full advantage of these high repetition rates, and to be able to process many more 
of the fluorescence signals, the TAC is actually operated in "reverse" mode. This 
means that fluorescence signals are routed to the start input of the TAC and the 
trigger pulse split from the excitation pulse is delayed so that it acts to stop the 
capacitor charging. 
However, this description of single photon counting still represents an idealised 
situation. Samples typically emit more than one photon for every excitation pulse, and 
if the total photon collection rate at the TAC is too high then it is likely that capacitor 
charging will be stopped, not by the trigger pulse, but by one of the other photons that 
was emitted from the sample by the same excitation pulse. This situation is called 
"pulse pile-up" and leads to a distortion of the output signal from the TAC, favouring 
photons emitted at shorter times. To minimise this effect the emission intensity is 
artificially reduced by "closing the aperture" so that only a very small proportion of 
the photons emitted from the sample are collected. Experimentally this is done either 
by de-focussing the excitation beam from its optimum position on the sample or by 
reducing the power of the excitation pulse using a variable neutral density filter. 
If Nder represents the total number of photons detected and Nexc is the frequency or the 
repetition rate of the excitation pulses then a quantity FD can be defined which is the 
ratio Nde/Nexc. It has been calculated [6] that if pulse pile-up distortions are to be 
avoided by limiting the number of detected photons, a value of FD in the region of 
0.005 or lower is preferable. In other words, the maximum photon collection rate 
should be no more than 0.5% of the excitation rate to avoid pulse pile-up. When the 
excitation laser is running at 4MHz this corresponds to a maximum photon collection 
count rate of 20 000cps. 
Many factors will contribute to the error in the lifetimes that are derived from single 
photon counting measurements. These will include instabilities in the frequency and 
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power of the excitation pulse, instability in the electronics picked up from low 
frequency noise, and an uncertainty in the channel calibration. Single-photon counting 
is a statistical measurement and as such the error in the data will be reduced as the 
number of data points increases. 
If events take place at random then the probability P of a number r events occurring in 
a time interval of length tmay be described by the Poisson distribution [7]: 
P(r)=e'(1u' Ir!) 	 (8.1) 
where r E the set of non-negative integers and p = nt, where n is the average number 
of incidents per unit time interval. The conditions for which the Poisson distribution 
holds are that n is a constant and that in a small time interval & the probability of two 
or more events occurring is zero. It can be shown [7] that for the Poisson distribution 
both the mean and the variance are equal to p. 
For a single photon counting experiment, the probability of observing any integral 
number of counts in a time channel can be represented by the Poisson probability 
function [8]. Every count in every channel represents an estimate of the mean of a 
Poisson distribution of counts for that channel. Hence the variance equals the number 
of counts in that channel Ni and the uncertainty in the number of counts ai is given by: 
(8.2) 
To obtain a precision of 5% in the number of counts Ni in channel i, where the curve 
has decayed to 1% of its maximum value, then 0.05 = 1/ cri = 114N1 and therefore Ni = 
400. Consequently the number of counts in the channel of maximum counts should be 
40 000 to a very rough estimate. Experimentally, it is usually sufficient to accumulate 
10 000 or 20 000 counts in the maximum time channel for a single exponential decay. 
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If the flash of light that excited the sample is infinitely narrow in time and if the 
response of the detection system is infinitely fast then the observed decay curve will 
represent the true decay of the sample. Convolution, or folding together, occurs 
because molecules excited by photons at early times are decaying while others are 
being excited by photons in the tail of the excitation pulse. Distortions can also occur 
due to the detection system - the measured time profile of the pump pulse (the 
instrument response function) will be a convolution of functions arising from the 
excitation pulse and the response of the detection system. As this instrument response 
becomes narrower with respect to the decay curve, convolution becomes less 
significant. Many instrument response functions have an extended tail, usually 
accompanied by a secondary peak that results from photomultiplier effects, which 
means that it is nearly always crucial to deconvolute the instrument response function 
from the decay curve data. 
8.3 Apparatus 
A schematic diagram of the apparatus used in the single photon counting experiment 
is shown in Fig. 8.3. 
The excitation source consisted of a Nd:YAG 1 laser (Spectron 900 Series Laser 
Systems) which produced light at a wavelength 1 064nm and which was then 
frequency-doubled to 532nm. This green laser light pumped a Rhodaniine 6G Dye 
laser with a cavity dumper unit (Spectra Physics 3500 Series) which produced lops 
duration pulses'. The wavelength of the output laser beam from this unit could be 
tuned between 580 and 630nm and the pulses could be produced at repetition rates of 
0.4kHz to 4M11z. The power output per pulse was lOpW. 
'Nd:YAG stands for Neodymium doped Yttrium Aluminium Garnet 
2 The pulses are produced by passing a sound wave (produced by a piezoelectric crystal) through a 
crystal. The sound waves alter the refractive index of the crystal periodically so that sometimes the 
laser light is able to pass through, hence giving the lops duration laser pulse. 
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Fig. 8.3 	Schematic diagram of the apparatus used at RAL to measure the 
rise-time of PSL in storage phosphor materials 191. 
Although the dye laser could be tuned to any frequency in the wavelength range from 
580 - 630nm, the power begins to drop off at higher wavelengths. We required red 
light for photo stimulation of the storage phosphor materials, so a wavelength of 
613 .4nm was selected. The average power of the beam just as it exited the laser 
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system was measured to be approximately 50 - 80tW using a hand-held power 
meter, depending on how well the system was optimised, but this value was reduced 
as the optical beam passed through the filters that preceded the sample. 
A variable neutral density filter was used to keep the stimulating light intensity at-the 
correct level so that the total number of photons collected per second at the beginning 
of the PSL experiments did not cause pulse pile-up (i.e. below 20 000cps). Obviously 
this number decayed as time went on, but we wanted to keep the stimulating intensity 
constant throughout the experiment. The intensity of the stimulating laser light could 
therefore be reduced either by reducing the pulse frequency, or by increasing the 
optical density of the variable neutral density filter. On balance, it was found to be 
best to use a frequency of 80kHz for all the samples. 
A red notch filter was placed directly before the sample to minimise the second order 
harmonics of the dye laser and stray room light. A blue filter (Ealing, 35-5354 T-
AIMX) was placed just after the sample to attenuate incident red light scattered by the 
sample and prevent it from entering the monochromator. 
8.4 Experimental 
Pelletised samples were prepared by grinding 0.3 ± 0.01g of the appropriate 
polycrystalline storage phosphor material into a powder, pressing in a 13mm die to 
approximately 8 tons on a pellet press and leaving for 5 - 10 minutes before releasing 
the pressure. The pellet was mounted onto a third of a microscope slide using a small 
amount of high vacuum grease (Dow Corning). For the Fuji film, a 13mm diameter 
piece was cut from the commercial sheet and mounted onto the glass slide in the same 
way as the pellets. 
At exactly 12.1 56ns after the cavity dumper produces each primary laser pulse, a 
much smaller energy pulse was also produced. This secondary pulse came about 
because it took exactly 12.156ns for light to make a round trip in the dye laser cavity 
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(which was fixed at a length of 3.6468m) and return to the starting position. This time 
was independent of any other parameter that might be altered in the experiment, such 
as the repetition rate of the laser or the gain/ bias settings on the TAC. It was 
therefore very convenient to use the appearance of this secondary pulse at 12.156ns 
to calibrate the time per channel in the data. 
We wanted to study timescales that were likely to be short even relative to the 
secondary peak at 12.1 56ns. The gain and bias controls on the TAC were adjusted 
until the secondary peak at 12.1 56ns was right at the far right-hand side of the screen. 
The primary pulse was set to occur at approximately channel 35, so that there was 
enough background signal occurring before this channel to allow the fitting software 
to run effectively. Division of the number of channels between the pulses by 12.156 
gave the time per channel, in nanoseconds. Using an un-irradiated ("blank") sample, 
this measurement could also be used as the instrument response in the deconvolution 
fitting process during data analysis. It was necessary to carry out a 
calibration/instrument response experiment using a blank sample each time that the 
gain or the bias controls were altered. 
It was found that irradiation with the 55  Fe 1 0mCi X-ray source that was used for the 
PSL measurements in Edinburgh did not store enough charge within the materials for 
this experiment. Instead, the samples were exposed to UV light from a XeC1 pulsed 
excimer laser (Lumonics) for approximately 15 minutes in order to populate the 
charge traps. The wavelength of this light was 308nm3 , with a pulse frequency of 
10Hz. A pulse energy of 75 - 175mJ was recorded, although it would have been less 
than this at the sample. Transferring the sample to the YAG-laser apparatus took 
approximately 3 minutes and care was taken to keep the sample in the dark 
throughout the transfer process. 
308nm corresponds to an energy of 4.0eV, so in order to excite an electron across a band gap of 
8.3eV (e.g. for BaFBr:Eu2 ) a multi-photon process must be occurring. 
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It has already been noted that as the size of the halide ion increases from the chloride 
to the bromide and finally the iodide, the rise lifetime also increases. This is explained 
by Eq. 2.10 which shows that as the size of the halide ion and hence the lattice 
parameter of the material increases, the probability for tunnelling, Jim,,,, is reduced 
and therefore the PSL rise lifetime will increase. In Fig. 8.5 (c) the rise time of 
BaFI:Eu2  can be seen extending to almost 4ns after the laser pulse commenced. The 
2+ rise lifetime was considerably longer for BaFT:Eu than for any of the other samples 
studied. The combination of a long rise lifetime and a relatively short decay lifetime 
appears to make the BaFI:Eu 2 storage phosphor the most suitable material to study 
at room temperature using the single photon counting technique. 
It was, in fact, not particularly interesting to observe that from a set of measurements 
made on BaFI:Eu 2  it appeared that the rise lifetime increased with time for the first 
15 minutes of photostimulation. Fig. 8.6 shows the rise lifetimes obtained for a 
sequence of measurements all carried out with the same stimulating laser intensity, 
and the time constants for the exponential functions that were fitted to these data sets, 
which give an idea of the rise and decay lifetimes, are shown in Table 8.2. The 
experiment was left to run for approximately 5 minutes and the data obtained during 
this time were saved and are shown in Fig. 8.6 (a). This experiment was continued for 
a further 5 minutes and the cumulative data for the first 10 minutes were saved (Fig. 
8.6 (b)). Then, starting from zero again, a new set of data were collected for the next 
5 minutes which is shown in Fig. 8.6 (c). The increase in rise lifetime with time 
elapsed during data collection can be explained by considering that initially the very 
close PSLCs will recombine, but as they are depleted after a few minutes, the more 
widely spaced PSLCs will become involved in recombination. 
201 
Chapter 8 - Short-time PSL behaviour 











• Experimental values 
• Fitted values 
Fig. 8.6 	The temporal variation in the rise lifetime of BaFI:Eu 2 during 
photostimulation: a) data from the first 5 minutes, b) cumulative 
data from the first 10 minutes, c) data obtained after clearing and 
restarting the collection for a further 5 minutes. 
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Time/ minutes r1!ns r2/ns j 	DW 
5 	0.67 	860 	1.1 	1.8 
10 	0.90 	270 	1.1 	2.0 
15 	1.4 	210 	0.96 	1.9 
Table 8.2 	Rise lifetimes for BaFI:Eu 2 measured at approximately 5 minute 
intervals. r, and Z2 represent the rise and decay lifetimes 
respectively. 
It appears from Table 8.2 that in addition to the increase in the rise lifetime ( -Cl) there 
is a decrease in the decay lifetime (T2) as the experiment progresses. It was mentioned 
previously that the GLife fitting package was not designed to measure lifetimes 
greater than about 1 OOns with a great deal of accuracy, and so it is probably not wise 
to place too much importance on the values of v obtained here. Also, as there is only 
one data set available, it would be foolish to believe that this data shows a real effect 
rather than a statistical fluctuation. Unfortunately, time did not permit further 
measurements to be made during this visit to RAL. 
8.6.3 Undoped BaFBr and BaFI 
Fig. 8.7 shows the data that were obtained from the undoped BaFBr and BaFI 
samples. It can clearly be seen that the signal is much weaker, there are fewer counts 
in the peak channel and that the signal-to-noise ratio is considerably worse than for 
the europium doped samples. Due to these problems it was not possible to obtain 
fitted values for the parameters r and T2 in BaFBr and BaFI using the GLife program. 
This shows that, as discussed in Chapter 2, the role of the dopant ion as an activator 
dramatically increases the efficiency of photostimulated emission. 
203 
Chapter 8 - Short-time PSL behaviour 
3 	 . 
• U 	 U 
	




2 	 • I - .•-( 	JI_•.• U 
I 
1 
2 	4 	6 	8 	10 	12 	14 
3/4/98 Tim ems nsres2.ins and bafbu2.ems 
401 
0 	IL 
. 	U • 
301 	.. 	U -I 
mt J fL, 
en 




0 	100 	200 	300 	400 	500 	600 
3I4I98. 
TIrieIflS 	InsresLrls and bafkJ2.ems 
• Experimental values 
• Fitted values 
Fig. 8.7 
	
Very fast time response of the PSL from (a) undoped BaFBr and 




Chapter 8 - Short-time PSL behaviour 
8.6.4 Comparison of X-irradiation and UV irradiation on the PSL rise lifetime 
2+ in BaFI:Eu 
The final measurement that was made was a comparison of the rise lifetime from an 
X-irradiated sample with a previous measurement that had been done using liv 
irradiation. The purpose of carrying out this measurement was to see whether a 
different radiation source resulted in defect populations and distributions sufficiently 
different to affect the magnitude of the PSL rise lifetime. Because X-irradiation had 
been found to be far less efficient at storing charge in the materials, a BaFI:Eu 2 
sample was X-irradiated overnight, for approximately 12 hours. The decay profile 
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Fig. 8.8 	Very fast time response of the photostimulated luminescence 
emitted from X-irradiated BaFI:Eu 2 . 
The parameters for the 2 exponential function fits to the rise and decay lifetime data 
for the two storage processes are given in Table 8.1. A rise lifetime of 0.57ns was 
obtained, which was almost half the value obtained in the UV irradiated case. 
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However, a difference of a factor of two is probably not large enough to be 
statistically significant when the X-ray irradiation experiment yielded a total of only 
about 200 counts in the peak channel and correspondingly there was a large amount 
of noise in the signal. This experiment is not conclusive but it does suggest that the 
rise lifetime might depend loosely on the nature of the radiation source used because 
of the way that the radiation dose influences the population, distribution and even the 
nature of the defects. To help confirm this, it would have been useful to be able to 
compare the emission spectra of the X- and UV irradiated samples, but we were 
unable to carry this out in the period of time for which we had access to LSF. 
Only the results for the barium fluorohalide class of materials have been discussed 
here. The two doped alkali metal halides that were found in Chapter 7 to be the most 
strongly emitting samples (i.e. KBr:In and KBr:Eu 2 ) were also looked at. The count 
rate from the indium doped material decayed to background so rapidly that a 
statistically significant number of counts was never able to be collected, and for 
KBr:Eu2 no signal above background was ever detected for either X- or UV 
irradiation. 
8.6.5 Conclusions from the preliminary measurements 
These preliminary measurements at RAL aimed to establish the feasibility of this type 
of measurement to probe the electron/hole recombination process in storage 
phosphors. Prior to our measurements it was unclear whether the timescales of the 
measurements or the strength of the signal would be suitable for such work. However, 
it was found that a short lifetime rise in the photostimulated luminescence could be 
seen for UV-irradiated BaFI:Eu 2+  and, less distinctly, for BaFBr:Eu
2+  . The 
BaFCl:Eu2 and undoped BaFBr and BaFI storage phosphors showed a poor signal-
to-noise ratio as discussed, therefore these materials were not suitable for more 
detailed study with this particular experimental set-up. 
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We were subsequently given the chance to perform a small amount of further work on 
the same apparatus at RAL. It was decided to carry out a more thorough investigation 
of the behaviour of the europium-doped barium fluoro-bromide and iodide materials, 
and to look at materials with the intermediate mixed bromo-iodo composition, of 
general formula BaFIBr i :Eu2 . We also wanted to verify whether the time 
dependence in the rise lifetime that had been seen for BaFI:Eu 2 was real or simply a 
statistical effect. We had hoped to investigate the temperature dependence of the rise 
lifetime in BaFX:Eu 2 (X = Br, I), to test directly the role of thermal processes in 
recombination, but the experimental set-up was not compatible with our cryogenic 
equipment because of limited space and problems caused by an increased attenuation 
of the signal and light scattering within the cryostat sample chamber. 
8.7 Further Work at RAL 
During the second experimental period that was made available to us at RAL, the 
behaviour of BaFBr:Eu was compared to BaFI:Eu. In addition to these materials, 
three samples with compositions intermediate between the bromide and the iodide 
were studied. These materials had the general formula BaFI 1 Br:Eu2 , where x = 1, 
0.75, 0.50, 0.25 and 0. The commercial Fuji imaging plate and the rare-earth doped 
samples BaFBr:RE, where RE = La and Ce, were also studied. 
Fitting the data to two exponential functions (one which corresponded to the 
exponential rise lifetime and one for the decay lifetime) as had been done for the 
preliminary measurements did not give good fits to the data in this case, and it was 
decided to increase the number of exponential functions to three. Since GLife had 
been found to give unreliable fits to exponential decay functions with lifetimes greater 
than lOOns, and most of our samples were believed to have PSL decay lifetimes of the 
order of 14s, we attempted to fit only the initial region of the data - typically only the 
first 5 to 7ns. Incorporating these changes improved the quality of the fit, and 
reasonably good DW and j values and residual plots were obtained. 
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All the data are fairly noisy and so the values obtained for the lifetimes will have a 
substantial degree of error but, as in the case of the preliminary measurements, GLue 
did not return quantitative error values for the fit parameters. For this fitting 
procedure, rise lifetime values that differed by up to a factor of two were not 
considered to be significantly different. Also the instrument response has a FWHIM of 
approximately loops, so lifetime values of this order cannot be distinguished from the 
rise of the excitation pulse. Table 8.3 gives the values obtained for the fit parameters 





Fuji film 0.l 3.1 210 1.6 1.6 
~ 0.1 0.48 24 2.4 1.1 
BaFBr:Eu2 1.5 1.5 170 2.0 1.2 
1.0 1.1 3100 1.5 1.1 
1.8 1.9 1000 1.2 1.0 
1.2 2.8 120 1.2 1.0 
BaFI 114Br314 :Eu2 0.90 37 110 1.7 0.97 
12 20 85 1.7 0.97 
BaFI 112Br 1 12:Eu2 1.2 1.4 1400 3.4 0.94 
:!~ O.1 2.7 1400 1.3 1.1 
BaFI314Br 114 :Eu2 <_0.1 2.6 220 1.2 1.2 
BaFI:Eu2 1.4 1.9 1700 2.1 1.0 
0.77 - 1400 1.4 1.2 
BaFBr:La3 15 35 220 2.3 0.97 
BaFBr:Ce3 <_ 0.1 0.30 22 1.8 2.1 
- 9.7 36 0.93 0.93 
Table 8.3 	Fitted data parameters from further work at RAL: rj represents 
the rise lifetime; T2 and r3 represent the decay lifetime, j the chi-
squared value and DWthe Durbin-Watson parameter. 
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8.7.1 A comparison of BaFBr:Eu 2 , BaF1:Eu 2 and commercial Fuji film 
Fig. 8.9 shows the normalised data obtained for BaFBr:Eu 2 . BaFI:Eu 2 and the 
commercial Fuji imaging plate, in addition to a typical profile of the instrument 
response function. Although the fitted data shown in Table 8.3 does not give very 
strong evidence for a trend in rise lifetime for these materials, Fig. 8.9 shows by eye 
that the Fuji material appears to have a slightly faster rise lifetime than BaFBr:Eu 2 
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Fig. 8.9 	Normalised very fast time response of the PSL emitted from 
commercial Fuji film and laboratory prepared B aFB r: E u 2  and 
BaF1:Eu 2 . The instrument response function is shown in blue to 
give an idea of its timescale with respect to the rise times that 
were investigated. 
The results of two measurements made on the commercial Fuji film on subsequent 
days are given in Fig. 8.10. The rise lifetime is extremely short in both cases - too 
short in fact to be distinguished from the instrument response function - but similar 
behaviour is seen by eye from both measurements. The obvious difference in the data 
is the slight peak seen between I and 4ns in Fig. 8.10 (a). This distortion is probably 
due to pulse pile-up effects, which we know will bias the collection of photons 
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towards those that occur at shorter times. The same effect can be seen in other 
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Fig. 8.10 	Very fast time response of the photostimulated luminescence 
emitted from the commercial Fuji imaging plate, showing the 
fitted exponential functions in red and residual values plotted in 
the inset. 
In the preliminary measurements we also observed rise lifetime values that were of the 
same order as the instrument response function. It can be seen from the residual plots 
(inset into the main plot) that the worst area of the fit is at the very beginning, which 
is where the rise lifetime parameters apply. This is the most difficult area of the graph 
to fit as there are relatively few counts in comparison with the rest of the graph. 
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8.7.2 The series BaF1l.Br:Eu 2 , where x = 1, 0.75, 0.50, 0.25 and 0 
In Fig. 8.11, it can once again be seen by eye that as the composition of the material 
changes from the bromide towards the iodide that the rise lifetime increases. Again, 
the pure bromide (x = 0) shows a shallow maximum in the number of counts detected 
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Fig. 8.11 Normalised very fast time response of the PSL emitted from the 
series BaF11,Br:Eu 2-i- , where x = 1, 0.75, 0.50, 0.25 and 0. 
The material with the longest rise lifetime appears, from Fig. 8.11, to be 
BaFI0 7 cBro 2s:Eu2 , with BaFBr:Eu2  having the shortest PSL rise lifetime. This is in 
broad agreement with the results obtained during the preliminary measurements, 
where it was seen that the barium fluoroiodide had a longer rise lifetime than the 
corresponding bromide. An additional feature that seems to appear in the intermediate 
composition materials is an additional rise, on a longer timescale than the initial rise of 
the PSL. BaFBr:Eu and BaFI:Eu do not show this and are essentially flat once the 
initial rise has taken place (ignoring the shallow peak due to pulse pile-up in 
BaFBr:Eu). The material which shows the most marked secondary rise is the x = 0.50 
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composition, which suggests that this effect is somehow triggered by disorder in the 
crystal. It is difficult to interpret this feature, but one possibility is that as the disorder 
in the crystal increases, it becomes more difficult for charge transport or electron 
tunnelling to take place. 
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(Fig. 8.12 continued on the next page) 
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Fig. 8.12 	Very fast time response of the photostimulated luminescence 
emitted from the series BaFI 1 Br:Eu 2 (x = 1, 0.25, 0.50, 0.75 and 
0), showing the fitted exponential functions and residual values in 
red. 
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8.7.3 Barium Iluorobromide doped with the rare earths La, Ce and Eu 
Fig. 8.13 shows the normalised data for the materials BaFBr doped with lanthanum. 
cerium and europium. The data for BaFBr:La 3 ' was smoothed over 11 points to 
reduce the noise and make it easier to compare to the other materials. The data for 
BaFBr:Eu 2  is slightly distorted due to the effect of pulse pile-up discussed earlier. 
Before normalisation and smoothing, the BaFBr:La 3 data only had approximately 70 
counts in the maximum channel - it was seen to be a weakly emitting storage 
phosphor in previous work carried out (see Chapters 5 - 7) - so it was not surprising 
that it was difficult to obtain good quality data from this material. BaFBr:Ce on the 
other hand was also observed to be a fairly weakly emitting storage phosphor but, as 
can be seen in Fig. 8.13, it has a much shorter decay lifetime than any of the other 
materials (in particular the Eu 2 doped material). This means that more of the total 
number of emitted photons occur within the first 12ns following stimulation. For 
roughly similar data collection times, the number of counts in the peak channel is 
therefore much higher than for any other material. For BaFBr:Ce 31  we see that despite 
the fact that its luminescence is fairly weak it has a greater number of total counts in 
the maximum channel, and is therefore a good material to look at using the single 
photon counting technique. due to its short decay lifetime. 
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Fig. 8.13 	Normalised very fast time response of the PSL emitted from the 
series BaFBr:RE, where RE = La3+ 	3+ , Ce or Eu 2+  
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From Fig. 8.14, the length of the rise lifetime does not appear to differ dramatically 
between the different rare earth doped materials, which is expected if the rate 
determining step in the rise of PSL involves either excitation out of the F centre, or 
electron tunnelling. The numerical values for the rise lifetime given in Table 8.3 and 
Fig. 8.14 (a) to (c) agree with this to the extent that BaFBr:Eu 2 has a slightly longer 
rise lifetime than BaFBr:Ce 3 , but the data for the lanthanum doped material would 
not seem to be of a sufficiently high quality to accurately fit lifetime data. 
For BaFBr:Ce 3  it was clear that the decay lifetime was significantly shorter than that 
in any of the other samples. This agreed with other experiments carried out on 
CeP50 14 where the Ce 3  lifetime was reported to have components of 12 and 36ns 
[12]. It was observed that the decay data fitted much better to 2 exponential functions 
than to just 1 and these data were considered to be reasonably accurate due to the 
large total number of data points and therefore the improved signal-to-noise ratio. The 
parameters obtained from the 2-exponential fit to the decay data are given in Table 
8.3 and are also illustrated in Fig. 8.15. These results confirm that the decay lifetime 
parameters obtained from other fits reported in this chapter are not accurate: the 
decay lifetime of 36ns obtained here is approximately 65% larger than the value of 
22ns obtained in the previous fit. 
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Fig. 8.14 	Very fast time response of the PSL emitted from the series 
BaFBr:RE, where RE = La, Ce or Eu, showing the fitted 
exponential functions and residual values in red. 
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The decay lifetime of BaFBr: Ce 3 fitted to two exponential 
functions. 
8.8 Overall Discussion and Further Work 
All materials probed using the picosecond pulsed laser source showed a short rise 
lifetime of the order of I -2ns. Experimental difficulties led to signal-to-noise ratios 
that were often not good enough to allow accurate quantitative analysis, but several 
systematic trends could be identified from the results. 
A clear trend was seen in the BaFX:Eu 2 materials, where X = Cl, Br and I. As the 
size of the X anion increased, the rise lifetime became longer. This is because as the 
size of the halide ion and hence the lattice parameter increase, the tunnelling 
probability will decrease. Thus BaFI:Eu 2 was seen to have the longest PSL rise 
lifetime and was the best material to use for further measurement. 
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It was seen for BaFI:Eu 2  that as data collection continued over the space of 
approximately 15 minutes, the rise lifetime increased as the proximate PSLCs were 
used up and more widely spaced PSLCs started to recombine. 
In BaFBr:RE materials, different rare earth dopants did not appear to affect the length 
of the rise lifetime. This was not surprising because the rare earth ion is generally 
considered to be involved in the luminescence process, but not in the processes 
leading up to PSL, such as F centre excitation and tunnelling. The presence of the 
Eu2  dopant brings about an improvement in PSL efficiency, and europium-doped 
samples displayed significantly better signal-to-noise ratios than undoped samples. 
Europium and cerium were effective in increasing PSL efficiency, but lanthanum did 
not appear to have such a good effect. BaFBr:Ce also exhibited the shortest PSL 
decay lifetime. 
Fuji film has an extremely fast rise lifetime, which is possibly a result of the 
incorporation of a small amount of strontium in the material. An F centre next to the 
smaller Sr cation will be shallower than a conventional F centre, and so the tunnelling 
half-life will be reduced. 
The biggest problem in performing this type of experiment was that a poor signal-to-
noise ratio was often found. This was a difficult experimental barrier to overcome as 
the materials were emitting a large total amount of light. However, because their 
decay lifetimes are so long with respect to the timescale of the experiment (i.e. 1 ts 
decay lifetimes compared to the 1 2ns timescale of this experiment) it was only 
possible to look at a very small proportion of the total number of photons emitted, 
and the rest had to be ignored. The total luminescence intensity eventually decays to 
background and so it was not possible to boost the total number of counts by letting 
data collection proceed over an extended period of time. As a result, investigation of 
the alkali halide materials did not yield results above the noise level. 
218 
Chapter 8 - Short-time PSL behaviour 
For most of the samples, rise lifetimes at room temperature were very short. Von 
Seggern postulated that the rise lifetime increases at low temperatures [7], which 
would mean that rise lifetimes for storage phosphor samples could be measured with a 
greater amount of accuracy. This may also mean that low temperature measurements 
would allow data to be obtained for a wider cross section of the storage phosphor 
materials, and that the temperature dependence of the rise lifetime could be studied. 
This would be important in determining the part that thermally activated promotion to 
the conduction band plays in the photo stimulation of storage phosphor materials. 
However, because of physical restraints with the space available at RAL and the size 
of the optical cryostat apparatus, it was not possible for us to carry out low 
temperature measurements at this stage. 
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CHAPTER 9 
CONCLUSIONS 
In order to investigate the decay kinetics of PSL between room and liquid helium 
temperatures from a selection of laboratory synthesised storage phosphor materials, 
new apparatus was designed and built. The primary component of this was an optical 
cryostat with an in situ X-ray source. A HeNe laser was used as the excitation source, 
and a single-photon counting system used to detect the blue luminescence. 
Several categories of materials were synthesised to investigate trends in the charge 
storage capacity of the materials, their spectral response, the kinetics of very short-
time recombination and the decay kinetics of the medium to long time luminescence 
upon optical stimulation. In addition to complementing previous work on these 
systems, the main drive behind the storage phosphor synthesis was: (i) to prepare 
materials which had the well known BaFX host lattice (X = Br, I) and to alter the 
concentration and type of F centre defects present though small changes in the 
stoichiometry of the host, and through doping of other compounds into this lattice; 
(ii) to prepare materials which had the simpler alkali halide host structure and dope 
them with cations that had been identified as efficient activator ions from published 
data. This second goal was based on the idea that the simpler, more isotropic 
structure of these materials would make rationalising the storage and stimulation 
processes more straightforward. In addition to this, several rare earth-doped BaFBr 
materials were prepared. Rare earths were chosen which had distinct chemical 
characteristics: Eu and Sm as ions that show a tendency to form divalent and 
trivalent states; Ce as an ion that has a tendency to form both trivalent and tetravalent 
ions; and La which only forms compounds of trivalent ions. It was thought that these 
different RE ions could play different roles in the trapping of electrons and/or holes, 
and in perturbing intrinsic defects in the host lattice. The general formulae of the 
groups of materials that were prepared are: 
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BaFBr:MX and M'X2 (M = K, M' = Sr and X = F, Br) 
• BaF2..Br(x0.8,0.9, 1.0, 1.1, 1.2) 
• BaFI1..Br(:Eu2 ) (x = 0, 0.25, 0.50, 0.75, 1) 
• BaFBr:RE (RE = La, Ce, Sm, Eu) 
• MX:D(M=Na,K,Rb and D=Eu2 ,In) 
Initially, to confirm that the emission wavelength from these materials was 
compatible with the luminescence detection system on the PSL rig, room 
temperature emission spectra measurements were carried out. Both the alkali halide 
and BaFBr-based materials emit at wavelengths in the region of 400nm, which was 
in the detection range of the instrument. The exception was BaFBr:Sm, where the 
enmission spectrum was dominated by the f -~ d transition in divalent Sm which is 
in the red region of the visible spectrum. BaFBr:Eu had the narrowest and most 
intense spectra of any of the laboratory prepared samples. The BaFBr samples doped 
with KF, KBr, SrF2 and SrBr2 showed very similar emission spectra to undoped 
BaFBr. This implies that 0.5mol% doping of a RE ion has a much greater effect of 
the emission than the changes of the concentration of  centre defects in the lattice of 
up to 0.5mol%. In the alkali halides we saw both characteristic emission from the 
dopant and emission from intrinsic defects, with relative intensities depending on the 
mass of the host cation. Samples doped with Eu typically only showed the 
characteristic emission of that ion, indicating that in the alkali bromide host lattice it 
is a more efficient activator ion than In. 
Low temperature emission spectra were only obtained down to 100K for Fuji and 
BaFBr:Eu, due to experimental problems with scattered light inside the cryostat 
sample chamber for weaker emitters. For both of these materials, the FWHM of the 
single peak in the emission spectrum decreased slightly from 300K down to lOOK, 
but the emission wavelength did not change and there was no sign of additional 
emission from other defect species. 
Excitation spectra were again only recorded from the brightest materials. BaFBr 
materials doped with MIX and M'X 2 (M = K, M' = Sr) showed similar excitation 
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spectra compared with undoped BaFBr, with peaks at 500 and 600nm corresponding 
to excitation into the different excited states of the F(Bf) centre, made non-
degenerate through the tetragonal symmetry. BaFBr:Eu was biased towards 
excitation at 500nm, and Fuji film to excitation at 600nm, which is thought to be 
doped with Sr which leads to the formation of some shallower F centre traps. Of the 
alkali halides, only KBr:Eu gave an excitation spectrum which had a good signal-to-
noise ratio. It had one excitation peak which occurred at around 625nm and 
corresponded to excitation of the F centre electron. 
Thermo luminescence glow curve measurements enabled all the defect trap centres to 
be seen, but this led to fairly complicated spectra which were hard to assign. This 
problem was resolved, in part, by studying materials whose chemical composition 
had been varied in a systematic manner. TL glow curves gave well defined and 
intense spectra with peaks between 300 and 500K assigned to individual defect 
species and those over 500K to luminescence from defect clusters. Peaks were 
observed close to 400K in most of the barium fluorohalide materials and these were 
assigned to the F(F) centre, with F(Br) assigned to a shallower trap occurring at 
around 370K. TL peaks which occurred below this temperature were assigned to F 
centres which had metal vacancies next to them, and therefore were shallower than 
the regular F centre trap. There was no evidence of an F(IF) TL peak in any of the 
iodide containing materials; it was thought that this trap was so shallow that it 
emptied at temperatures below, or in the region of, 300K. The effect of oxygen on 
the storage of charge in the material was also studied and it was found that as 
increased amounts of oxygen were added beyond about 0.5mol%, the total amount of 
stored charge subsequent to irradiation was reduced, probably because it was 
recombining straight away as there was a bigger chance of finding hole traps (at 
oxygen atoms) next to electrons traps (at Br vacancies). 
From the medium to long time study of the PSL decay kinetics, the main result was 
that upon cooling there was an increase in the initial PSL intensity due to the creation 
of more correlated F(Bf) centres upon low temperature iradiation, and that the 
gradient increased suggesting that defect migration was more isotropic at low 
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temperatures. Very short-time measurements of the PSL rise lifetime were carried 
out and a fast rise lifetime (< 2ns) was found for all the materials studied. Specific 
trends in the behaviour of the rise lifetime were also noted: (i) as the size of the 
halide increased the PSL rise lifetime became longer, due to an increase in the 
tunnelling lifetime as the lattice parameter increased; (ii) as the collection time 
progressed, the rise lifetime in BaFI:Eu increased as PSLCs from defects situated 
slightly further apart recombined; and (iii) the presence of a RE activator was vital to 
allow results with a good signal-to-noise to be collected, because it increased the 
efficiency of PSL emission and reduced the PSL lifetime with respect to the undoped 
materials. Europium was found to be the most effective rare earth at improving the 
PSL efficiency, but Ce was also useful as it had the shortest decay lifetime - and so a 
greater proportion of the total number of counts occurred within the first few 
nanoseconds. Fuji had the fastest rise lifetime (<lOOps) - too fast in fact to be 
measure accurately on a nanosecond timescale. 
The alkali halides which, it was hoped, would a more simple system in which to 
study PSL, did not in general give strong enough PSL to enable a thorough analysis 
of the experimental results. All the measurements carried out here indicate that Fuji 
film has a consistently better performance than any of the laboratory synthesised 
materials. From the results of EDAX analysis, it is thought that the presence of Sr 
and I in the BaFBr:Eu host lattice is in part responsible for this. The presence of Sr 
and I in the BaFBr lattice causes additional, slightly shallower, F centre traps to 
form, which are more easily photostimulable. It seems that for the BaFX host lattice 
the Fuji corporation have already pinned down the optimum chemical composition 
and stoichiometry to achieve a good storage phosphor. Further research should focus 
on finding new wide band gap insulating materials that support suitable defects and 
are able to emit bright luminescence, either through recombination of intrinsic charge 
defects, or through doping of an activator ion. The crucial feature is that they must 
have traps which are deep enough to capture charge for an extended period of time, 
but still be stimulable at moderate optically or thermally energies. The BaFX host, 
with its layered structure, leads to a partitioning of charge, allowing relatively 
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shallow traps to retain charge for relatively long periods of time because spatial 
separation of electrons and holes slows down recombination. 
There is much scope for further work in this area. The PSL apparatus could be 
modified using a monochromator to control the energy of the optical stimulation 
input and the detected luminescence output. This would enable the study of 
excitation spectra, and mean that the system is not limited to detecting one region of 
the visible spectrum at a time. 
The TL work could be extended to look at glow curves in greater detail and, in 
particular, at lower temperatures. This would enable the shallower traps, such as the 
F(f) centre and traps associated with impurity cations (e.g. strontium), to be 
investigated and it is possible that with more time, accurate calculations on the 
energies of these traps could be carried out. 
It would also be advantageous to look more carefully at the role of oxygen in storage 
phosphor materials, starting with oxygen purged compounds and introducing trace 
amounts gradually to see the effect on the PSL efficiency and the distribution of 
charge traps. Low temperature PSL decay measurements on the brightest oxygen-
containing phosphors may show more clearly the contributions to the migration and 
PSL decay from other defect species, such as the low temperature stable Vk centre 
which is associated with oxygen impurities. 
Finally, the short-time kinetic measurements show great promise if the problems 
encountered in incorporating the optical cryostat system into the apparatus at RAL 
can be overcome. Results with an improved signal-to-noise ratio are expected from 
low temperature measurements, which would make it possible to study a wider range 
of storage phosphor materials, including the Sr-doped BaFBr system which,, like Fuji 
film, is expected to have a very short rise lifetime at room temperature. It should also 
be possible to determine unambiguously whether thermally-assisted tunnelling to the 





RESULTS FROM EDAX ANALYSIS OF FUJI FILM 
Fig. A. 1 shows the results from EDAX analysis on the commercial Fuji film. The 
elements barium, strontium, fluorine, bromine, iodine, oxygen and carbon were 
selected as the likely constituents of the Fuji material, and the figure shows which of 
these elements have peaks that correspond to the experimentally observed peaks. 
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Fig. A.3 	XRD pattern of BaFBr:KBr (0.5moI%) 
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Fig. A.9 	XRD pattern of BaFBr:Eu (0.5mol%) 









10 	20 	30 	40 	50 	60 	70 
20 











10 	20 	30 	40 	50 	60 	70 
29 
Fig. A.11 	XRD pattern of BaFI 030Br050:Eu (0.5mol%) 
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Fig. A.15 	XRD pattern of BaFI 025Br0•75 
BaFI Br 
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Fig. A.17 	XRD pattern of BaFI 075Br0•25 
BaFI 
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POWER LAW FITS TO PSL DECAY DATA 
Figs. A.19 - A.40 show the results from Power Law fits, using MicroCal Origin 
v.50, to the equation y = a + bxc,  and give the values obtained for the fitted 
parameters: a represents the background light intensity; b the starting intensity; and c 
the gradient of the linear decay region. 
PSL decay of BaFBr at 300K 
fitted to Power Law Decay: 
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Fig. A.19 	PSL decay of BaFBr (300K1300K) 
PSL decay of BaFBrat lOOK 
fitted to Power Law Decay: 
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Fig. A.20 	PSL decay of BaFBr (100K/100K) 
AlO 
Appendices 
PSL decay of BaFBr:La (0.5moI%) at 300K 





C 1000- 	Data: DAT17O2.PCD_B 
Model: Allomethc2 
C2 = 319775634 
a 	102.55536 	±2.59338 
b 185267.0712 ±1273.28003 








PSL decay of BaFBr:La (300K/300K) 
PSL decay of BaFBr:La (0.5moI%) at lOOK 
fitted to Power Law Decay: 







- 	 Model: Allome 
C2 = 14881 
a 	100  
b 13547 1 
1000• 
C 	-0.960 
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Chi2 = 2457.27374 
	
a 	113.69546 	±2.752 
b 77272.45921 ±765.28 






PSL decay of BaFBr:Ce (0.5moI%) at 300K 
fitted to Power Law Decay: 










PSL decay of BaFBr:Ce (300K1300K) 
PSL decay of BaFBr:Ce (0.5moI%) at lOOK 
fitted to Power Law Decay: 




CD Data: DAT1698.PCD_C 
1000- Model: Allometric2 
- Cl2 = 7840.39248 
a 	150 	±0 
b 580328.13578 ±2663.65064 







PSL decay of BaFBr:Ce (100K/100K) 
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Appendices 
PSL decay of BaFBr:Sm (0.5mol%) at lOOK 
fitted to Power Law Decay: 









Chi2 = 1227.53092 
a 	223.35314 	±0.90053 
b 159095.08877 ±2826.82666 









PSL decay of BaFBr:Sm (100K/100K) 
PSL decay of Fuji film at 300K 
fitted to Power Law Decay: 
1E7 ya+ bxc 
1000000- Data: 0AT1643.PCD_A 
Model: PJtanethc2 
Cli2 = 395313.27295 
a 	275 	±14.26186 
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Fig. A.26 	PSL decay of Fuji film (300K/300K) 
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PSL decay of Fuji film at lOOK 
fitted to Power Law Decay: 




C 	 Data DAT1643.PCD_B 
- Model: AJlomWc2 
Ch?2 =434198.88276 
a 	50 	±0 
b 18907642.17567 	±75542.90196 







PSL decay of Fuji film (100K/100K) 
PSL decay of BaFBr:KF (O.5moI%) at 300K 
fitted to Power Law Decay: 







CH-2 = 1318.79474 
a 	297.97284 	±1.31073 
b 33184.32 ±559.89839 
C 	-0.80847 	±0.00424 




PSL decay of BaFBr:KF (300K/300K) 
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PSL decay of BaFBr:KF (O.5moI%) at lOOK 
fitted to Power Law Decay: 
y = a + bx 
10000 
Ca 
1000 I Data DAT1605.PCD_B 
I 	 I 
I Model: Atome2 	 I 
I = 14742.78462 I 
a 	150 	±0 
b 513114.29716 ±2313.06829 	I 








PSL decay of BaFBr:KF (100K/100K) 
PSL decay of BaFBr:KBr (0.5moI%) at 300K 
fitted to Power Law Decay: 






Data: DAT161 1.PCD_A 
Model: Allometiic2 
Chi2 = 1373.24456 
a 	380.46123 	±2.22932 
b 13475.52572 ±307.01912 









PSL decay of BaFBr:KBr (300K/300K) 
A15 
Appendices 
PSL decay of BaFBr:KBr (0.5moI%) at lOOK 
fitted to Power Law Decay: 






- Model: Allometic2 
1000 Chi2 = 18271.73438 
a 	ISO 	±0 
b 512467.14381 ±2317.12538 







PSL decay of BaFBr:KBr (100K/100K) 
PSL decay of BaFBr:SFF 2 (0.5moI%) at 300K 










Ch-2 = 1280.49551 
a 	330.29314 	±1.98005 
b 	2720.82348 ±43.35065 
C 	-0.49321 	±0.00553 




PSL decay of BaFBr:SrF 2 (300K/300K) 
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PSL of BaFBr:SrF 2 (0.5moI%) at lOOK 
fitted to Power Law Decay: 







C2 = 3941.20183 
a 	258.47582 	±2.34082 
b 274886.99174 ±1503.43733 
C 	-0.84082 	±0.0013 
1(0 
Time/s 
PSL decay of BaFBr:SrF 2 (100K/100K) 
1000 
PSL decay of BaFBr:SrBr2(0.5moI%) at 300K 
fitted to Power Law Decay: 







- - -E 
Data: DAT1623.PCD_B 
Model: Allomelnc2 
Ch12 = 121 6.82374 
a 	381.56493 	±2.58192 
b 4498.02926 ±113.76031 
C 	-0.51095 	±0.00683 




PSL decay of BaFBr:SrBr 2 (300K/300K) 
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PSL decay of BaFBr:SrBr2(0.5moI%) at lOOK 




C Data: DAT1623.PCD_C 
- Model: Allometric2 
Chi2 = 648308971 
a 	185.0228 	±3.03071 
b 272283.98989 ±1885.25608 
C 	-0.83589 	±0.00164 
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Fig. A.35 	PSL decay of BaFBr:SrBr 2 (100K/100K) 
PSL decay of KBr:1n at lOOK 
10000 	 fitted to Power Law Decay: 
y = a + bxc 
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Chi2 = 4403.18509 
a 	73.58676 	±2.89186 
b 787039.88781 ±10289.51289 
C 	-0.97738 	±0.00253 
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Fig. A.36 	.PSL decay of KBr:In (100K/100K) 
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PSL decay of RbBr:1n at lOOK 
fitted to Power Law Decay: 







C Data: DAT1690.PCD_B 
Model: Allornetjit2 
Chi2 = 2054.17595 
a 	152.60556 	±2.3637 
b 166988.40353 ±2995.88122 






Fig. A.37 	PSL decay of RbBr:In (100K/100K) 
PSL decay of NaBr:Eu 2 at 300K 
fitted to Power Law Decay: 
Y = a + bxc 
-'p 
Data: DAT1660.PCD_B  
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Fig. A.38 	PSL decay of NaB r:Eu (300K/300K) 
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PSL decay of KBr:Eu2 at 300K 
fitted to Power Law Decay: 
y = a + bxc 
. 	 -'-'- 
' Data: DAT1664.PCD_A 
Model: Allomethc2 
• 	 Chi2 = 985.9161 
1000 - a 	251.44385 	±0.603 - b 119978.57036 ±2715.23526 
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Fig. A.39 	PSL decay of KBr:Eu (300K/300K) 
PSL decay of RbBr:Eu2 at 300K 
fitted to Power Law Decay: 





Ch12 = 946.51872 
a 	215.72965 	±0.65801 
b 1758.34019 	±55.0674 





Fig. A.40 	PSL decay of RbBr:Eu (300K/300K) 
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